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Kapitel 1

Einleitung

Zur Untersuchung der Atom- und Molekiilstrukturen steht uns eine grofie
Bandbreite an spektroskopischen Methoden zur Verfiigung, die aufgrund der
Wechselwirkung der diskreten Ubergéinge im Molekiil mit der elektromagne-
tischen Strahlung beruhen. Dabei kann man unbekannte Molekiile identifizie-
ren, die Molekularstruktur bestimmen und die Wechselwirkung der Molekiile
mit der Umgebung untersuchen.

Bei der chemischen Reaktion wird den Molekiilen Energie zugefiihrt, sodass
diese sich neu ordnen und einen Ubergangzustand bilden. Um die chemischen
Prozesse zu verstehen ist die Ermittlung der Strukturen der beteiligten Kom-
ponenten unabdingbar.

Die Struktur fiir den Grundzustand liefern zahlreiche Methoden, wie zum
Beispiel die NMR-Spektroskopie, die Rontgenanalyse, die IR-Spektroskopie
und die Mikrowellenspektroskopie. Fiir isolierte Systeme eignen sich ins-
besondere die rotationsaufgelosten Spektroskopien fiir die Strukturbestim-
mung.

Die Mikrowellenspektroskopie ermittelt fiir isolierte Molekiile mit permanen-
tem Dipolmoment die Rotationskonstanten im elektronischen Grundzustand
Sp. Die Tragheitsmomente, die sich aus den Rotationskonstanten ergeben,
sind von der Massenverteilung, den Bindungsliangen und -winkeln abhéngig.

Die Kenntnisse iiber die drei Rotationskonstanten erlauben bestenfalls die
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Bestimmung von drei Strukturiparametern (Bindungsldnge, Bindungswinkel
und Diederwinkel). Um mehr {iber die Struktur des Systems zu erfahren,
fiihrt man Messungen an Isotopologen durch und berechnet mit Hilfe der
Kraitchman-Gleichungen die Atompositionen.

Fiir Systeme mit schwingungsinduziertem Dipolmoment liefert die IR-Spek-
troskopie die benotigten Rotationskonstanten.

Durch die Kenntnis iiber die Ladungsverschiebung des Molekiils bei der elek-
tronischen Anregung vereinfacht sich die Interpretation von der Reaktivitéit
und der Funktionalitdt, daher sollte man der Struktur im angeregten Zu-
stand besondere Aufmerksamkeit schenken. Durch die hochauflésende, laser-
induzierte Fluoreszenzspektroskopie (HRLIF- High Resolution Laser Induced
Fluorescence) lisst sich die Anderung der elektronischen Struktur, die durch
die elektronische Anregung entsteht, bestimmen. Die HRLIF ermdoglicht die
Strukturbestimmung sowohl fiir den Grundzustand Sy als auch fiir den elek-
tronisch angeregten Zustand S;. Das Verhéltnis der Linienintensitéten fiir die
verschiedenen Ubergangstypen ist ein Maf fiir die Ubergangsdipolmomente.
Die Linienbreite der Bande ermdglicht zudem die Berechnung der Lebens-

dauer.



Kapitel 2

Theoretische Grundlagen

In diesem Kapitel werden die mathematischen Grundlagen, die fiir das Ver-
stdndnis der rotationsaufgelosten Spektren erforderlich sind, dargestellt. Da-
bei wird zunéchst auf die Herleitung des Hamiltonoperators eingegangen. Im
Anschluss daran werden die mathematischen Beschreibungen der verschiede-
nen starren Kreiseltypen behandelt. Auf den anormeren Effekt, ein elektro-
nischer Effekt, als Grund fiir die Verdnderung der Strukturen im manchen
Molekiilen wird anschliefend eingegangen. Im folgenden Kapitel wird auf den
nicht starren Kreisel erweitert und die Zentrifugalverzerrung analysiert. Als
néchstes wird gezeigt, wie man mit Hilfe der Kraitchman-Gleichungen die
Strukturparameter der Molekiile aus den Rotationskonstanten ermittelt. Auf
die Ubergangwahrscheinlichkeit und verschiedenen Parameter, welche die Ur-
sache der Linienintensitat sind, wird anschliefiend eingegangen. Abschliefsend
interessieren uns die Ursachen der Linienverbreiterung und die verschiedenen
Verbreiterungsprofilen.

Die Referenzen [15] [61] [84] [92] [151] dienen zur Darstellung und zur Ablei-

tung der theoretischen Grundlage in dieser Arbeit.

3
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2.1 Die Herleitung der Hamiltonoperatoren

Das quantenmechanische Verstindnis zur Beschreibung der Rotation verlangt
einen geeigneten Hamiltonoperator. In der praktischen Anwendung wird der
vollstdndige Hamiltonoperator mit Hilfe der Born-Oppenheimer-Naherung
vereinfacht. Durch das Korrespondenzprinzip kénnen quantenmechanische
Ausdriicke aus der klassischen Beschreibung gewonnen werden. Aus diesem
Grund wird im Anschluss der Ausdruck fiir kinetische Energie ermittelt, aus

dem die quantenmechanischen Gréfien autbauen.

2.1.1 Die Born-Oppenheimer Naherung

Die Terme der Elektronen- und Kernbewegung kénnen unter Verwendung
der Born-Oppenheimer-Ndiherung separiert betrachtet werden [siehe Anhang
Al. Fiir einen festen Kernabstand bestimmen wir die elektronische Schrédin-

gergleichung. Dadurch erhalten wir die Energie fiir diese Kernkonfiguration:
HU =EW. (2.1)

H ist hierbei der Hamiltonoperator, E die Gesamtenergie und ¥ die Gesamt-
wellenfunktion. Die Gesamtwellenfunktion W errechnet sich aus dem Produkt
der Elektronwellenfunktion bei einem fixen Kernabstand 9% (qaq;) und der

Kernwellenfunktion ¢ (qp):
V(G gn) = (G G)V" G- (2.2)

g beschreibt hierbei den Positionsvektor der Elektronen und ¢, den der Ker-
nen. Die Gesamtenergie ergibt sich infolgedessen aus der Summe der elektro-

nischen Energie und der kinetischen Energie der Kerne:

E = Ee + Ekm (23)
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2.1.2 Die Definition der Eulerschen Winkel

Zur Beschreibung der Rotation sind zwei Koordinatensysteme notwendig: ein
molekiilfestes Koordinatensystem, das seinen Ursprung im Schwerpunkt des
Molekiils hat und ein raumfestes Koordinatensystem (Laborkoordinaten) mit

dem Positionsvektor ¢, :

— b

Gn=R+® (g, +d,). (2.4)

Dabei steht g, fiir die Koordinaten einer Gleichgewichtstruktur und d; fiir die
zeitabhingige Abweichung dieser Gleichgewichtstruktur in dem molekiilfes-
ten Koordinatensystem x,y,z. R stellt den Vektor des Molekiilschwerpunkts,
den Ursprung des molekiilfesten Systems, im raumfesten Koordinatensystem
dar. @1 ist eine 3x3 Rotationsmatrix, welche die molekiilfesten Koordina-

ten (X, y, z) in ein System parallel zu dem raumfesten System (X, Y, Z)

umwandelt:
X X q)mX q)mY q)mz
Yy =0 Y = q)yX q)yY CI)yZ : (25)
z Z ¢ZX (I)ZY (I)zZ

Durch drei aufeinander folgende Drehungen um die drei Eulerschen Winkel
©,0,x (Abbildung 2.1) erhélt man die sogenannte Richtungskosinusmatrix
P.

1. Drehung um den Winkel ¢ gegen den Uhrzeigersinn um die z-Achse:

neues Koordinatensystem x’, y’, z.

2. Drehung um den Winkel 6 gegen den Uhrzeigersinn um die y’-Achse :

neues Koordinatensystem x” y’ z’.

3. Drehung um den Winkel y gegen den Uhrzeigersinn um die z’-Achse:

299 79 )
7Y7Z'

neues Koordinatensystem x
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Der Richtungskosinusmatrix ® berechnet sich folgendermafsen:

cosy siny 0 cos# 0 —sinf cosep sinp 0
¢ = —siny cosy 0 0 1 0 —sing cosp O
0 0 1 cosf 0 cosf 0 0 1

— (2.6)

cos ycosfcosp —sinysing cosycosfsing + sinycosy cosysinf
—sin y cos f cos p — sin y cosf  — sin x cos @ sin ¢ 4 cos y cosf sin x sin ¢
sin @ cos ¢ sin 6 sin ¢ cos 6

Die Drehung um die molekiilfesten Achsensysteme gegen den Uhrzeigersinn
fiihrt zu einer Rotation der Atomkoordinaten im Uhrzeigersinn. Man benotigt
zur Beschreibung der Molekiilkoordinaten im raumfesten System daher die

transponierte Matrix ®’, die mit der inversen Matrix ®~! dquivalent ist.

Abbildung 2.1: Definition der Eulerschen Winkel im rechtsdrehenden Koordi-
natensystem
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2.1.3 Die Kinetische Energie des Molekiils

Die klassische Physik definiert die kinetische Energie eines N-atomigen Molekiils:

1 ERS
T = 5 Z M 4n Gn, (27)

wobei m,, die Masse des n-ten Atoms wiedergibt.
Die Ableitung der Ortskoordinaten ¢, der Gleichung 2.4 ergibt:

Go= R+ &G, +d,) + & 'd, (2.8)

Durch das Einsetzen der Gleichung 2.8 in Gleichung 2.7 entstehen neun

Terme, die wie folgt zusammengefasst werden:

Die ersten drei Summanden der Gleichung 2.9 beschreiben die Translation
und werden in einem homogenen Potenzialfeld vernachlassigt.Das Skalar-
produkt zweier Vektoren ist von der Achsenrotation unabhéngig. Der vierte
Term der Gleichung 2.9 ist deshalb auch nicht relevant.Die nachfolgenden
Gleichungen berechnen die kinetische Energie im raumfesten Koordinaten-

system, werden aber durch die molekiilfesten Koordinaten beschrieben:
T =Ty + Toivror + Lot (210)
mit

Tow = =S mn® ' (d)(d) (2.11)
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Tvibrot - Zmn (571(_'71_'_&;1) (éild'n)

= S (B (G + di)d) (2.12)

T = 23 ma (87 + (B (G + ) (2.13)

Die Gleichung 2.11 definiert die kinetische Energie der reinen Vibration, die
nur von der Abweichung um den Gleichgewichtzustand abhéngt.
Die Winkelgeschwindigkeiten w,, w,, w,, ergeben sich durch die erste Ablei-

tung der Winkelkoordinaten:
Wa = (X)a + (e)a + (#)a mit (o = z,y, 2) (2.14)

Die drei Winkelgeschwindigkeiten sind wie folgt von den drei Eulerschen
Winkeln (Abbildung 2.1 S. 6) abhéngig:

wy = Osiny + ¢cosysinf (2.15)
Wy = 0 cosy + ¢sin y sinf (2.16)
w, = X + ¢cosb (2.17)

Somit vereinfacht sich der Ausdruck (5_15_1) der Gleichung 2.12:

0 —w, wy
@@ H=| w. 0 -—w, (2.18)
—Wy Wy 0

Durch Einsetzen der Permutation erhélt man zyklische und antizyklische

Permutationen:
PP = —€apyWa mit (afy = z,y, 2) (2.19)
Zyklische Permutationen Cryz = Cyza = Cray
Antizyklische Permutationen oy = Cyaz = €sy(2.20)

Bei mindestens zwei gleichen Indizes €apgy = 0
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—

Nun betrachten wir den restlichen Teil der Gleichung 2.12: >~ m,, (g, + cfn)dn
Mit Hilfe der zwei Eckart’schen Bedingungen vereinfachen sich die Gleichungen

fiir die Coriolis- und die Vibration-Rotation Wechselwirkungen:

> mnd, =0 (2.21)
und

> Mg x dy =0 (2.22)
Damit ergibt sich fiir die Gleichung 2.12 den vereinfachten Ausdruck:

T’uibrot - Z mnwaeaﬁ'ydnﬁdnw (223)

n

Analog erhélt man fiir den reinen Rotationsterm (Gleichung 2.13):

Trot = Z MpCearCefyWaWpdnyGns mit(a, 67 s 57 €E=1T,Y, Z) (224)

Das Modell des starren Rotators, der den reinen Rotationsterm (Gleichung
2.24) darstellt, wird im Folgenden beschrieben.

2.2 Der starre Rotator

Der Ausdruck starr beruht auf der Annahme, dass durch die Rotation die
Struktur des Molekiils unverandert bleibt, d.h. man vernachléssigt alle Geo-
metrieverzerrungen sowie die Kopplung zwischen der Rotation mit der Schwin-

gung bzw. der Torsion.
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2.2.1 Der klassische starre Rotator

Die Rotationsenergie des starren Rotators berechnet sich wie folgt:

1 n
Tror = §E My (W X 7)? (2.25)
= lgnm(wxr'f—i—lg m(wxr-)2+lg My (w X 7;)3
2 Z n 1)x 2 n ly 2 n 1)z

1 n
= 5D milwi(ef +4)) +wylad + &) + wi(af + )

+ WaldyTili — Walx T2 — Wy, YiZs]

Low oy Iy Wy
Trotzl(w w w) I, I, I w ) (2.26)
9\ We Wy W ve dyy Lye v 5
Lo Ly 1. W

Iwz ]zy Ia:z
I=| 71, I, I. (2.27)
Izac ]zy Izz

Die Diagonalelemente des Tragheitstensors heiffen Tragheitsmomente, die

anderen Tragheitsprodukte:

I, = Z? ml(sz + y?) Imy = [yz = = Z? milYiz-

Indem man das molekiilfeste System so anlegt, dass seine Achsen genau in den
drei Richtungen der Haupttrigheitsachse liegen, wird der Tensor I diagonal,

d.h. die Tragheitsprodukte verschwinden. Die Haupttragheitsachsen trans-
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formation wird durch die folgende Gleichung vollzogen:

e Ly—1I L. |=0. (2.29)

Izz Izy [zz —1I

Als Losung dieser Gleichung erhélt man drei Tréagheitsmomente, die den drei

Haupttragheitsachsen 1, I, I, entsprechen:
I. <Ly < I (2.30)

Somit ergeben sich 3!=6 verschiedene mogliche Zuordnungen (Tabelle 2.1).

I, I, I1I, II, III, 1II]

x| b ¢ c a a b
ylc b a ¢ b a
a a b c C

Tabelle 2.1: Zuordnungen der Haupttragheitsachsen zu den molekiilfesten Koor-
dinatenachsen

Der Berechnungsaufwand unterscheidet sich erheblich zwischen den Darstel-
lungen I, II, III, wahrend die links- und rechtshéndigen Reprasentationen
lediglich die Vorzeichen der Aufendiagonalelemente der Hamiltonmatrix tau-
schen.

Je nach verschiedenen Verhaltnissen der Tréagheitsmomente unterscheidet

man verschiedene Kreiseltypen, die in der Tabelle 2.2 wiedergegeben wer-

den.
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Kreiseltyp Tragheitsmerkmal Symmetrieoperation Beispiele
Linear 1,=0;,1,=1, Coo HCI, CO,
Sphérisch 1I,=1,=1. mehrere C,,, n >3 SF;, CH,
Oblat  sym- I,=1, <1, eine C),, n > 3 NH;, CeHg
metrisch
Prolat sym- I, <I,=1, eine C,,, n > 3 CH3Br, PCl;
metrisch
Assymetrisch I, < I, < 1. keine C,,, n > 2 H,O

und keine Sy

Tabelle 2.2: Kreiseltypen

Die kinetische Energie der Gleichung 2.26 vereinfacht sich zu:
1 2 2 2
Trot = §(Iawa + ]bwb + [cwc)' (231)

Man ersetzt die Winkelgeschwindigkeit durch den Drehimpuls durch folgende
Beziehung:

J = Z'I"Z' X p; = Zml(m X (Cdi X 7“1)) = iw (232)
Fiir das Hauptachsensystem ergibt sich entsprechend fiir den Drehimpuls:
J = {Lywy; Lywy; Lw, } (2.33)

wobei die Trégheitsmomente I, I,; I, je nach ihren Gréfien den drei Haupt-
tragheitsmomenten [, I;; I. zugeordnet werden.

Die kinetische Energie berechnet sich somit:

1 /32 J2 J?
Ty == [ 22+ 22 4 Z¢) . 2.34
rot 2 (Z—a + [b + [C) ( )
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2.2.2 Die quantenmechanische Analyse der Rotation

2.2.2.1 Der Hamilton Operator

Das Korrespondenzprinzip ermoglicht die Darstellung der klassischen Grofen
in der Quantenmechanik durch ihre Operatoren.

Die Gleichung 2.34 fiir die kinetische Energie l&sst sich umformen in:

N A I R . . .
H=_ |2+ 4+ =A]2+BJ}+CJ (2.35)
o\ 1, I, I

J ist der Operator des Drehimpulses, auf dem im néchsten Abschnitt 2.2.2.2
detailliert eingegangen wird. A, B und C sind Rotationskonstanten, die indirekt

mit den Tragheitsmomenten proportional sind:
A= B=_L C =L, (2.36)

Um eine bessere Vorstellung iiber die aus dem Experiment ermittelten Werte
zu haben, driickt man haufig den Hamiltonoperator und die Rotationskons-
tante in der gleichen Einheit aus. Am meisten benutzt werden die Einheiten

Joule, Hertz, und em™!:

2 2 2
A== B=1 C =1 [J] (2.37)
A= gor B = Fgfb C=ghr [Hz] (2.38)
A= 87rélc]a B = 87|—2Lcjb C= 871'?—0]0 [cmfl] (239)

2.2.2.2 Der Drehimpuls

Die klassischen Gréfsen werden in der Quantenmechanik durch ihre Operatoren

ersetzt. Fiir den Impuls p und den Abstand r sehen die Operatoren wie folgt
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aus:

p—)ﬁz(%)v r—7r=r. (2.40)

Darin ist ¢ die imaginédre Einheit, i die reduzierte Plancksche Konstante und
V ein Vektor mit den Komponenten %.

Aus der klassischen Definition fiir den Drehimpuls J = )" r; X p; folgt:

- h
=D i XD (2.41)

Fiir die Komponenten des Drehimpulses ergeben sich folgende Abhéngigkeiten
von den Winkelkoordinaten 6, ¢, x

. n 0 0

Jo = (Ya—Z - Zf)Y) (2.42)
B _E —cosxi_i_cosxcose 0 L 0
4| sinf 9y sinf Oy mX@g&

A h 0 0

J, = n (Za—X — X@Z) (2.43)
__h|—siny 0 smxcos@ﬁ_i_ 0
B i | sinf 8g0 sinf Oy COSX&p

- h 0 0 h 0

Die Umrechnung von Iy, jy, J, in das sphérische Polarkoordinatensystem

(Abbildung 2.2), ergibt:

- b 0 0
Jy = 7 _— sin ¢% — cot 0 cos ¢8¢] (2.45)
s h 0 0
Jy = T cos gbae cot 6 cos ¢ qb} (2.46)
L:Eﬁ- (2.47)
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Abbildung 2.2: Definition der Polarkoordinaten Polarwinkel #, 0 < # < 7, und

den Azimutwinkel ¢ mit 0 < ¢ < 27

0 ist hierbei der Polarwinkel, der von 0 bis 7 geht, und ¢ der Azimutwinkel

mit 0 < ¢ < 2.

Das Quadrat des Drehimpulses ermittelt man aufgrund der Beziehung .J? =

J2 4 J) 4 JZ

o e L O (. 0N 1 O
T=h { smoa0 "85 ) T anzeaa |

Dabei gelten folgende Vertauschungsoperationen:

[J2,J] =0 miti = X,Y, Z
[J2,J,] =0 mit o = z,9, 2

[Jo ] = 0

[Ji, ;) = iesgnhi; mit f,g,h = X,Y,Z
[Ja, J5] = i€q gl mit o, B,y =z,y, 2
[H,,,J*] =0 fiihrt zu J

(2.48)

(2.49)
(2.50)
(2.51)
(2.52)
(2.53)

(2.54)
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~ A

[H,, J,] =0 fithrt zu M (2.55)
Y 25 T T NP .
o T2 =0 (57 = 57 (Jny - Jny) fihet zu M (2.56)

Aus den Gleichungen 2.49 bis 2.56 folgt, dass der Betrag des Drehimpulses
und seine Projektion auf einer Achse sowohl im Molekiilkoordinatensystem
als auch im Laborkoordinatensystem kommutieren. Daher besitzen die Opera-
toren jQ, jz, jZ einen gemeinsamen Satz von Eigenfunktionen W ;. J
ist hierbei die Rotationsquantenzahl. Die Quantenzahl M beschreibt die
Projektion von J auf der raumfesten Z-Achse, und die Quantenzahl K ist

die Projektion von J auf der molekiilfesten z-Achse.

2.2.2.3 Die Eigenwerte von .J2

Man legt jeweils zwei neue Operatoren, die sogenannten Leiteroperationen,
fiir das raumfeste bzw. molekiilfeste System fest. Diese sind mit J v und jy

sowie J, und J, verbunden:

Raumfeste Koordinaten: j+ = jX + ijy J_ = jX — z'jy
Molekiilfeste Koordinaten: j+ = j{p + z'jy J = jx — z'jy

Im Folgenden werden die Abhéngigkeit des Drehimpulses und seine Kompo-
nente auf der raumfesten Z-Achse abgeleitet:
Fiir J2gilt:

=T+ I =T J T+ 0, = JJ 4+ JE— R, (2.57)
Aufserdem gelten folgende Vertauschungsrelationen:

[ﬁ, Ji} — 0 (2.58)

[jz, Ji} — Iy (2.59)
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[L, J,] — 2hJ.. (2.60)

Gleichung 2.49 zeigt wie schon erwiihnt eine Kommutation zwischen J2und

J; d.h. sie haben die gleichen Figenfunktionen:
J2U = K2 AU (2.61)

Jz¥ = hM. (2.62)

Die Untersuchung von der Wirkung der Leiteroperation auf die Wellenfunktion

ergibt somit:
JyJoU = Jyody + [, JL]W. (2.63)
Aus JoJ, U = (jzji — hji)llf = hJo MU und der Gleichung 2.59 resultiert:
JyJeU = hJo (M £+ 1)U, (2.64)

Aus der Gleichung 2.64 wird ersichtlich, dass durch die Anwendung der
Leiteroperator auf eine Eigenfunktion von J; zu den Eigenwerten h(M + 1)
bzw. h(M — 1) fithrt. Den Leiteroperator .J, nennt man Erhéhungsoperator
und den Leiteroperator J_ Erniedrigungsoperator.

Das Quadrat der Leiteroperationen berechnet sich folgendermafsen:
o 0))? = (JL W, J_0) = (U, J_J, U) =, (J? — J2+h*L)U  (2.65)

= h*(A - M*+ M)
|J_0|* = h(A — M? — M). (2.66)

Die Gleichungen 2.65 und 2.66 verbieten negative Zahlen, d.h.:
A-M*4+M>0=A>MM-1) (2.67)
und

A-M?>-M>0=A>M(M+1) (2.68)
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Aus der Losung der Gleichung 2.61 ergibt sich fir A = AJ(J 4+ 1). Im An-

schluss berechnet sich daraus die Quantenzahl M:
M=JJ-1,J-2,...,—J—=2,—J—1,—J. (2.69)

J ist hierbei ganz- oder halbzahlig. Fiir jede Rotationskonstante J existieren

2J + 1 mogliche Projektionen davon auf der raumfesten Z- Achse.

Abbildung 2.3: Projektion des Drehimpulses auf der raumfesten Koordinate Z-
Achse

In Abbildung 2.3 wird der Zusammenhang zwischen J und M fiir J = 2
verdeutlicht, wobei die Z-Achse in der Einheit i dargestellt wird.
Fiir die Projektion auf der molekiilfesten Koordinate ergibt sich analog zu
der raumfesten Koordinate auch 2.J + 1 mogliche Orientierungen. Fiir jedes
K > 0 ist der Betrag von | K| zweifach in M entartet. Dabei ergeben sich fiir
jede Rotationsquantenzahl J 2(2J + 1) mogliche Orientierungen.

Fiir die Eigenfunktionen der Drehimpulsoperatoren gelten:
T2 s = B2T(J + 1)U g (2.70)

J2V i = hM jyep (2.71)
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Tk = hEK W jxen (2.72)

(Jx £ i)W xnr = J £ U0 =/ (JTFM)(J £ M+ 1)U 50 (2.73)

(Jo £ i)V =T F U = VI TE)J £ K+ D)Wk (2.74)

2.2.2.4 Die Wellenfunktion

Aus der Gleichung 2.48 (Seite 15) der Darstellung von .J? hingt der erste
Summand nur von dem Polarwinkel # und der zweite Summand nur von dem
Azimutwinkel ¢ ab. Die Gesamtwellenfunktion wird daher als Produkt zweier

Wellenfunktionen dargestellt:
U =0,u(0)Pum(p) = [JM). (2.75)

Die Kommutation von J2 und Jy (Gleichung 2.49) fordert ¥ als Losungs-
funktion sowohl fiir J2 als auch fiir .J 7.

Als Losung erhélt man die Kugelflachenfunktionen:

M+|M|

|JM> = (—1) 2 NJM@JM(COS 9)€iM¢ (276)

Aus der Richtungskosinusmatrix geht hervor, dass durch die Drehung um
die Winkel 6 und ¢, die die molekiilfeste Koorfinaten im raumfesten Koordi-
naten ungewandelt. Bei einem Molekiil mit mehreren Massenpunkten sollte
man auch die Drehung um den Winkel y berticksichtigen. Die Eigenfunktion

nimmt folgende Form an:
U =0,um(0)2um(p)Xk(Xx) = [JKM). (2.77)
Xk (x) berechnet sich:

Xie(x) = — el (2.78)

——e
2T

|JKM) = (=1)°Njp0 sas(cos 0)eMeetix, (2.79)
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Daraus ergibt sich fiir die Gesamtwellenfunktion in Abhéngigkeit von 6, ¢,
x: Die Werte von K und M werden miteinander verglichen. Dabei nimmt /3

immer den groferen Wert an. N, ist der Normierungsfaktor.

2.2.3 Der lineare Rotator
2.2.3.1 Die Eigenwerte

Wie aus Tabelle 2.2 zu erkennen ist, gilt fiir den linearen Rotator: I, = 0, [, = I..
Die Gleichung 2.35 (S. 13) vereinfacht sich deshalb zu:

H,.= BJ}+C*=BJ* (2.80)

Damit ist der lineare Rotator unabhéngig von K.

Die Energieeigenwerte berechnen sich aus der Gleichung 2.70 (S. 18):

E(J)=J(J+1)h* (2.81)

2.2.3.2 Die Wellenfunktion

Die Wellenfunktion fiir den starren linearen Rotator hédngt von dem Beitrag
des Drehimpulsoperators J und beim Anlegen eines duferen Feldes auch
von der Projektion des Drehimpulses auf der raumfesten Z-Achse ab. Die
Wellenfunktion ist in Gleichung 2.76 (S 19) angegeben:

M+|M)|

|JM) = (=1)"2  Njy0Oa(cosf)e™?. (2.82)

2.2.3.3 Die Auswahlregeln

Unter der Bedingung, dass das Ubergangsdipolmoment (Gleichung 2.83) nicht

verschwindet:

M= /\y;mm £0 (2.83)
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ergibt sich fiir die Auswahlregel fiir die Drehimpulsquantenzahl:

AJ = #£1, (2.84)
und beim Anlegen eines dufteren Feldes:

AM = +1. (2.85)

2.2.4 Der spharische Rotator

2.2.4.1 Die Eigenwerte

Beim Einsetzen der Bedingung I, = I, = I. in die Gleichung 2.35 (S. 13):
H,.= BJ* (2.86)

ergibt sich die Eigenwerte von Gleichung 2.70 (S. 18)zu:

E(J)=J(J+ 1)Rr% (2.87)

2.2.4.2 Die Wellenfunktion

Wie beim linearen Kreisel ist auch die Wellenfunktion des sphérischen Rotator
von der Projektion des Drehimpulses J, auf der molekiilfesten z-Achse unab-
hangig. Die Wellenfunktionen lassen sich entsprechend der Gleichung 2.76
(S. 19) darstellen:

M+|M|

|JM> = (—1) 2 NJM@JM(COS Q)GiM@. (288)

2.2.4.3 Die Auswahlregeln

Das Ubergangsdipolmoment darf fiir einen erlaubten Ubergang nicht ver-

schwinden. Der sphérische Rotator enthélt kein Dipolmoment, d.h. reine Ro-
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tationsiibergidnge sind verboten. Durch Zentrifugalverzerrung kénnen aller-

dings Ubergiéingen beobachtet werden.

2.2.5 Der symmetrische Rotator
2.2.5.1 Die Eigenwerte

Betrachtet man zuerst den prolaten, symmetrischen Kreisel mit 1, < [, = I,

ergibt sich fiir den Hamiltonoperator geméfs der Gleichung 2.35 (S. 13):
H,.= BJ*+ (A—- B)J> (2.89)

Aus dieser Gleichung 2.89 erkennt man, dass der Hamiltonian H,, mit dem
Betrag des Drehimpulses J und seiner Projektion J, auf einer der molekiilfes-
ten Achsen kommutiert. Aus den Gleichungen 2.70 und 2.72 (S. 18) ergeben

sich fiir die Energieeigenwerte:
E(J,K)=[BJ(J+1)+ (A— B)K?. (2.90)
Analog berechnet sich die Energieeigenwerte fiir den oblaten Kreisel:

E(J,K)=[BJ(J+1)+(C— B)K?. (2.91)

2.2.5.2 Die Wellenfunktion

Die Hamiltonian H,, fiir die symmetrischen Kreiseln ist von den Betrag des
Drehimpulses J und seine Projektion auf einer Achse Jo abhéngig. Die Wel-

lenfunktionen lassen sich entsprechend der Gleichung 2.79 darstellen:

|JKM) = (—1)° N30 jar(cos 0)eMeeiRX, (2.92)
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2.2.5.3 Die Auswahlregel

Damit der Ubergansdipolmoment nicht verschwindet, gilt:
AJ =+1 (2.93)
und:

AK = 0. (2.94)

2.2.6 Der asymmetrische Rotator
2.2.6.1 Die Eigenwerte

Die Haupttragheitsachsen unterscheiden sich bei den asymmetrischen Kreiseln
(I, < I, < 1.), sodass sich der Hamiltonoperator nicht mehr wie bei den sym-
metrischen Fillen durch J und J, ausdriicken lisst. Der Hamiltonoperator

sieht wie folgt aus:
H,, = AJ2+BJ + CJ2 (2.95)

Die Information iiber die Eigenfunktionen und Eigenwerte von J2 und .J2
sind essentiell fiir die Bestimmung von H,..

Fiir J2 und J, existieren nur die Diagonalelemente, da die Eigenfunktionen
des symmetrischen Kreisels auch die Eigenfunktionen von J? und J, sind.
Diese Funktionen sind keine Eigenfunktionen beziiglich J, und jy, d.h. in
dieser Basis ist der Hamiltonoperator nicht diagonal. Die Energie des asym-
metrischen Kreisels ergibt keine geschlossene Losung. Die Einfithrung eines
Asymmetrie-Parameters k nach Ray[114], ermoglicht eine schnelle Konvergenz-

entwicklung der Wellenfunktionen:

2B-A-C

h=—71"C (2.96)
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Dabei beschreibt x die Abweichung von den symmetrischen Kreiseln und
kann die Werte von -1 bis +1 annehmen. Im Falle eines prolaten Kreisels
(B=C) nimmt x den Wert von -1 an, bei einem oblaten Kreisel (A=B) den
Wert von (+1). k=0 beschreibt den Kreisel mit der héchsten Asymmetrie.
Man formuliert die Gleichung 2.96 nach B um, und setzt es in die Gleichung
2.95 ein:

A

i, = %(A OV (T +1) + %(A L)) — )+ RD] (297)
_ %(A L)+ 1) + %(A _C)F.(r).

Mit 7 = K,— K. . K, kennzeichnet die Projektion von J auf der molekiilfesten
Achse den prolaten Grenzfall (k = —1) und K, die Projektion von J auf der
molekiilfesten Achse den oblaten Grenzfall (k = —1).

Die Funktion Fr(x) = [(J2) — (J7) + r(JZ)] resultiert aus den Eigenwerten
von (J7), (J7), (J2), die durch die Entwicklung des asymmetrischen Kreisels

nach dem symmetrischen Kreisel berechnet werden.

2.2.6.2 Die Wellenfunktion

Die unbekannte Eigenfunktion des asymmetrischen Kreisels wird durch die
Linearkombination der Eigenfunktionen der bekannten symmetrischen Krei-

sel ausgedriickt:

U=> c,0,(J. K, M). (2.98)

Aus dieser Gleichung 2.98 werden die Energieeigenwerte fiir die Matrix-

elemente des Operators bestimmt:

(m|H,,|n) = U (J, K, M)H,, U, (J, K, M). (2.99)
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Gemék den Definitionen fiir die Leiteroperatoren (Kapitel 2.2.2.3, (S. 16))

erhalten wir folgenden Ausdruck fiir .J, und jy:

Jy+J = J, +iJ, J.=J,—il, (2.100)

Jordo=dovidtdo-id, e de=g(hotd) (@100
und

Jo—J =i —dtid, e = 212,@ ~ 7). (2.102)

Unter der Anwendung der Produktregel fiir die Matrizenmultiplikation:

(J,K,M|J?J K, M)
= > (KM K MY K M LT K M) (2.103)

J/l Kl/ M//

berechnen sich die Diagonalelemente:

i
(J,K,M|JZ|J. K, M) = (J,K,M|J}|J, K, M) = % (J(J+1)— K?) (2.104)

und die Nichtdiagonalelemente:

(J, K, MIJ2|J, K +2, M) = (J, K, M|J2|J, K +2, M)
B JUA) - KEEDIT 1) — (K1) (K £2). (2.105)

Fiir die nicht verschwindenden Hamiltonmatrixelemente ergeben sich:
h? 11 2 1 1
K|J|JK) = — D(—+—|+K|(——-——-= 2.1
i) = s (g )+ (5 - -1 )] o)
(J,K|J|J, K £2) =
[\/J(J T KK ED)VIT+1) = (K £D)(K £ 2)} (2.107)

Gemék Tabelle 2.1(S. 11) gibt es 3!=6 verschiedene Zuordnungsmoglichkei-
ten der Haupttragheitsachsen a, b, ¢ zu den molekiilfesten Achsen z,y, z und
damit sechs verschiedene Darstellung des Hamiltonmatrix.

Durch Diagonalisierung der Hamiltonmatrix erhédlt man aus den Diagonal-

elementen die Eigenwerte von ﬁrr. Nach der Ahnlichkeitstransformation mit
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der Wangmatrix:

-1 0 0 0 -1
0O -1 0 1 0
1
U;=U;'= — 9 2.108
1=Ur =7 0 0 V20 0 (2.108)
0 1 0 1 0
1 0 0 0 1
erhélt man die jeweilige Basis:
|J, K, M +) fiir K =0, (2.109)
und:
1
J,K,M +) = —JKM) +|J — KM) fir K > 0. (2.110)

V2

Die Wangmatrix diagonalisiert die gesuchte Hamiltonmatrix nach dem Prinzip
[91]:

Uy;H,. Uy = HY*™9, (2.111)

Da keine Verbindung zwischen geraden und ungeraden Paritdten von K
bestehen, kann durch die Wangtransformation die Hamiltonmatrix in vier

unabhédngige Untermatrizen faktorisiert werden.

HY = FT + B~ 4+ 0"+ 0. (2.112)
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E und O stehen fiir die Paritdt von K, gerade oder ungerade. Die Zeichen

+ und — charakterisieren die in der Gleichung 2.110 entsprechenden Linear-

kombinationen.

Fiir eine Zuordnung zu den Symmetrien: E* 4+ E~ +O% + O~ miissen zuerst

die Symmetrieelemente des Hamiltonoperators bestimmt werden. Geméf der

Gleichung 2.95 (S. 23) ist H,.. von dem Quadrat der Drehmomentkomponenten
beziiglich der drei Haupttrigheitsachsen abhéingig.

Diese Aufspaltung der Wangmatrix in Submatrizen (Gleichung 2.112) ist nur

moglich, wenn die Hamiltonmatrix Do-Symmetrie besitzt. Die Charaktertafel

der Gruppe D,y wird in der Tabelle 2.3 wiedergegeben:

E Co(x) Ca(y) Ca(z)
A 1 1 1 1
B, 1 1 1 1
B, 1 1 | 1
B. 1 1 1 1

Tabelle 2.3: Charaktertafel der Gruppe Do

Bei der Einfiithrung eines neuen Parameters v wandelt sich die Wangfunktion
(Gleichung 2.110) um in:

T, K, M+) = LQ (JEM)(—1)"|J — KM)} (2.113)

~ reprasentiert entweder eine gerade oder ungerade Linearkombination der
Funktionen. Die resultierende Klassifizierung der Symmetrie nach der Wang-
Submatrix ist in Tabelle 2.4 angegeben.

Aus Tabelle 2.4 erkennt man, dass jede benachbarten Rotationszustidnde
den unterschiedlichen irreduziblen Darstellungen zugeordnet werden, d.h. die
Rotationszustdnde gehoren unterschiedlichen Submatrizen an.

Zudem verringert sich durch die Aufteilung in Submatrizen der Rechen-

aufwand fiir die Diagonalisierung des Hamiltonoperators erheblich.
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Submatrix (x,y,2)
Jeven  Jodd
E* A B,
E- B,
o B, B,
o B, B,.

Tabelle 2.4: Symmetrieklassifizierung der Wang-Submatrizen

King, Hainer und Cross [88| fithren neue Symbole fiir die Symmetrieeigen-
schaften der Rotation beziiglich der Cs(a)-Operation und der Cs(c)-Operation
ein. Dabei steht e fiir das symmetrische Verhalten der Rotationswellenfunktion
beziiglich der C'; Drehung und o fiir das asymmetrische Verhalten.

Bei der Notation nach Denninson bezieht sich das erste Zeichen auf die
Cy(a)-Operation und das zweite auf die Cy(c)-Operation. Fiir die symme-
trischen Rotationwellenfunktion beziiglich der jeweiligen Operatoren stehen
(+) und (—) fiir die asymmetrische Fille. Tabelle 2.5 fasst diese Bezeich-

nungen zusaminern.

Mulliken King et al. Dennison
A ee ++
B, €o —+
By 00 ——
B. oe +—

Tabelle 2.5: Nomenklatur nach Mulliken, King.et al. und Dennison

2.2.6.3 Die Auswahlregel

Zu jeder Rotationsquantenzahl .J existieren (2.J+1) unterschiedliche Energie-
niveaus. Der Hamiltonoperator beim asymmetrischen Rotator ist aber nicht

in K diagonal und stellt damit keine gute Quantenzahl dar. Man fiihrt einen
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Index 7 = K, — K, ein und bezeichnet das Rotationsniveau J, oder Jg, k..
K,, K. konnen Werte von 0 bis J angenommen werden, jedoch gilt jenach
Paritat des Niveaus K, + K, = J, oder K, + K, = J + 1.

Das Ubergangdipolmoment kann bei einem asymmetrischen Kreisel jede be-
liebige Orientierung haben. Liegt es in Richtung der a-Achse, so haben wir a-
Typ Ubergiinge. Dem endsprechend gibt es je nach Lage des Ubergangsdipol-
moments Uberginge von Typ a, b, ¢, ab, bc und abc-Typen.

Mit der Anwendung der Gruppentheorie lésst sich die Auswahlregel fir K,
und K, herleiten. Denn fiir einen moglichen Ubergang muss das Produkt der
Anfangswellenfunktion, der Endwellenfunktion und des Dipolmomentopera-

tors die totalsymmetrische Darstellung enthalten:
DU x D(T") D A (2.114)

U ist dabei die Gesamtwellenfunktion, die nach der Born-Oppenheimer-Né&-

herung aus Produkten von drei unabhédngigen Bewegungen gebildet wird:

W= ¢ewvibwrot- (2115)

In der Regel sind die elektronischen und die vibronischen Wellenfunktionen
totalsymmetrisch, sodass man die Auswahlregel fiir K, und K. aus Tabelle

2.6 entnehmen kann.

a—Typ pe#0 A<+— B, B,<+— B, AK,=0,£2,+4...
ee < eo 00 < oe AK,=+1,43,+5...

b—Typ py#0 A<— B, B,<— B, AK, = +1,43,45...
e <> 00 €0+ o€ AK,=+1,43,+5...

c—Typ p.#0 A<+— B. B,<+— B, AK,==+1,43,+5...
ee < 0e €0 < 00 AK.=0,42,44...

Tabelle 2.6: Auswahlregel fiir die einzelnen Ubergangstypen
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2.2.7 Die Kernspinstatistik und ihre Auswirkung auf
die Spektren

Bei der Durchfithrung einer Symmetrieoperation konnen eine oder mehrere
identische Kerne vertauscht werden. Die Anzahl der Vertauschungen hangt
von der Symmetrie des Molekiils und von der Symmetrie der Wellenfunktion
ab. Da diese Kerne einen Spin besitzen, muss dieser in der Betrachtung
der Gesamtwellenfunktion mit einbezogen werden. Die Gesamtwellenfunktion
setzt sich entsprechend aus dem Produkt der elektronischen Wellenfunktion,

der Vibration-, der Rotation- und der Kernspinwellenfunktion zusammen:

U= ¢ewvibwrotwl($' (2116)

T = T x Dby X Dtyor X Tbics (2.117)

Gleichzeitig kdnnen bei einer Symmetrieoperation des asymmetrischen Krei-
sels nur zwei Kerne ausgetauscht werden, da Molekiile mit mehr als zwei
identisch vertauschbaren Kernen nicht mehr asymmetrisch sind. Das Aus-
tauschen mehrerer identischen Kernpaare ist jedoch mdéglich. Bei mehreren
identischen Kernen muss als Symmetrieelement eine C,,- Symmetrieachse vor-
handeln sein. Wir betrachten das Verhalten der Rotationswellenfunktion be-

zliglich der Cy-Operatoren und fassen es in Tabelle 2.7 zusammen.

Cs(a) Co(b) Co(c)
A + + +
B, + - -
B, - + -
B. - - +

Tabelle 2.7: Verhalten der Rotationswellenfunktion beziiglich der Cs-
Operatoren

Das Pauli-Prinzip kennzeichnet eine symmetrische Gesamtwellenfunktion fiir

Bosonen (Kernspin ganzzahlig) und eine antisymmetrische Gesamtwellen-
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funktion fiir Fermionen (Kernspin halbzahlig.)

Fiir die statischen Gewichte eines Uberganges bendtigt man neben der Ent-
artung der jeweiligen Rotationsenergie noch den Anteil der symmetrischen
und asymmetrischen Kernspinwellenfunktionen.

Beim Kernspin I > 1/2 existieren mehrere Kernwellenfunktionen. Die Pro-
jektion des Kernspins auf der raumfesten Achse ergibt 27 + 1 mogliche Orien-
tierungen. Zwei identische Kernen ergebe somit (27 +1)? mogliche Kombina-
tionen der Kernspinwellenfunktionen. Die Anzahl der symmetrischen Kern-

spinwellenfunktionen lésst sich wie folgt berechnen [139]:

n

[Jen+1)+1

i=1

, (2.118)

1 n

i=1

und fiir den asymmetrischen Fall:

1 n
Nasym = 5 [H(2-[l + 1)

i=1

f[(yi +1)— 1] . (2.119)

=1

Bei Vertauschung von einem Paar identischer Kerne sieht das Verhéltnis der

symmetrischen und asymmetrischen Anteile folgendermafsen aus:

Neym 1 +1
nasym B I ‘

(2.120)

2.3 Die interne Rotation

Die Drehung eines Molekiilteils um eine fest verankerte Achse im Molekiil-
rest nennt man die interne Rotation. Die potentielle Energie wird hierbei
in einer periodischen Kosinusfunktion mit den Tiefpunkte am: 2Fﬂ;n e N

ausgedriickt:

Vi =% ‘/;"(1 _ cos(inT)), (2.121)

i
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7 gibt den Torsions- beziehungsweise Rotationswinkel um diese verankerte
Achse wieder. Die Principal Axis Method (PAM) nutzt zur Losung der internen
Rotation ein Koordinatensystem, das dem Haupttragheitsachsensystem ent-
spricht. Dadurch lassen sich die Eigenfunktionen in Abhéngigkeit der relativen
Orientierung der beiden Koordinaten darstellen. Der Torsion-Rotation-Hal-

miltonian wird wie folgt berechnet:

H=HSP 4 Hy,y + Hy, (2.122)
mit

HEP) = AJ? + BJ2 4+ CJ? + F(pyJ)? (2.123)

Hyor = F I} + Vigr (2.124)

Hyy = —2FpyJ Jioy.- (2.125)

HEP gibt den effektiven Rotationshamiltonian und H,,, den effektiven Tor-
sionshamiltonian wieder. H,, reprisentiert die Kopplung zwischen den Rotations-
und der Torsionseigenfunktionen. Wenn die Barriere der internen Rotation
grof ist, entkoppeln sich die Rotation und die Torsion und die Gleichung

2.122 reduziert zu:

~

H=H 1+ H,,. (2.126)
py aus der Gleichung 2.123 und der Gleichung 2.125 gibt die Abhéngigkeit
zwischen dem internen Koordinatensystem und dem Tragheitsachsensystem

all:

o COs (na)]tor

= 92.127
p A ( )

7o stellt den Winkel zwischen den internen Rotationsachen mit der Haupt-
tragheitsachsen 1, (a = a, b, ¢) dar. I, beschreibt das Tragheitsmoment der

reinen Torsion, aus der die reduzierten Rotationskonstanten Fj,. bestimmt
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werden. Fj,.hiangt wie folgt von F' (Gleichungen 2.123, 2.124, 2.125) ab:

Ftor 2
F= I ZCOS Ne/ Lo (2.128)
9
Im Rahmen dieser Arbeit wurde die dreifache interne Rotation (n = 3)

untersucht. Die potentielle Energie der Torsion berechnet sich nach der Ab-
bruch des 2. Glied:

Vier = %(1 —cos37) + %(1 — cos 67). (2.129)

Diese interne Rotation weist eine C3-Symmetrie auf, deren irreduzible Dar-

stellung in der Tabelle 2.8 wiedergegeben wird:

Cs E Cs C?
A 1 1 1
Ey 1 € €*
Ey 1 €* €

127 —i27

Tabelle 2.8: Charaktertafel der Gruppe C3; e =e¢3 ; ¢" = ¢ 3

Das Ubergangsdipolmoment héingt von dem internen Rotationswinkel 7 ab.
Wie aus der Tabelle 2.8 ersichtlich, unterscheidet sich der Charakter des ein-
fach entarteten A-Niveaus und des zweifach entarteten E-Niveaus beziiglich
dieser Winkel 7. Aus diesem Grund findet keine Kopplung zwischen den bei-
den Niveaus statt und wir erhalten fiir das Problem der dreifach internen
Rotation 2 getrennten Spektren. Die Rotation der Wellenfunktion des A-
Niveaus ist periodisch in %” und des E-Niveaus periodisch in 27. Das Erste
entspricht der Schwingung innerhalb der Potentialwille und das Letzte der

Rotation [61].
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2.4 Der Tragheitsdefekt

Der Trégheitsdefekt wird definiert als:
Al =1.—1,— 1. (2.130)

Fiir den schwingungslosen Zustand eines planaren Molekiils, bei dem die

Beitrage der zur Molekiilebene senkrechte Achse ¢ null sind, gilt:
Al =1.—1,—1,= Zmz a® +b?) — Zmia2 — Zmib2 =0. (2.131)

Bei der Betrachtung der Nullpunktschwingungen erhélt man aufgrund der
unterschiedlichen achsenbezogenen Betridge einen endlichen Wert fiir den
Tragheitsdefekt:

Al =1,—1,—1I,#0. (2.132)

Als planare Molekiile bezeichnet man alle Molekiile mit dem Trégheitsdefekt
bis etwa 40, 2uA2.

Schwingungen, elektronische Effekte und die Zentrifugalverzerrung sind Griin-
de fiir einen von Null verschiedenen Trégheitsdefekt, wobei der Schwingungs-
beitrag den grofiten Anteil liefert. Man unterscheidet bei dem Schwingungs-
anteil in-plane- und out-of-plane-Schwingungen. Erstere tragen zu einem po-
sitiven, letztere zu einem negativen Beitrag zum Tragheitsdefekt bei. Fiir das
Charakteristikum der Planaritdt ist sowohl die Grofse als auch das Vorzei-
chen des Tragheitsdefektes mafsgebend.

Bei gleichen Substituenten ist der Betrag des Tragheitsmomentes grofer, je
weiter diese Atome sich von der planaren Ebene befinden. Bei den Untersu-
chungen von Dioxan-Derivate wurde eine Erhohung des Betrags im Tréagheits-
effekt in den angeregten Zustand im Gegensatz zu diesem im Grundzustand
gefunden. Eine mogliche Begriindung hierfiir ist der anormere Effekt, auf
dem im Kapitel 2.5 detailliert eingegangen wird.

Die Zentrifugalverzerrung wird im Kapitel 2.6 ausfiihrlich behandelt.
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Tax
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|
Hax

Abbildung 2.4: Definition der axiale Wasserstoff am 1-4 Dioxan-Ring [83]

2.5 Der anormere Effekt

Die Beschreibung des anormeren Effekts in der vorliegenden Arbeit ist im
Wesentlichen an das Buch "The Anomeric Effect” von Juaristi et al. [84]
angelehnt.

Die aufsergewohnliche Bevorzugung einer sterisch ungilinstigen synklinalen
(sc, gauche) Position vor der antiperiplanen Position in einem Segment R-X-Y-R’

(Abbildung 2.5) nennt man den anormeren Effekt.

7U\><
|
x/
11
I
11
;U\x
|
-<\;U

sc, gauche app, anti

Abbildung 2.5: Definition der synklinalen und antiperiplanaren Positionen
nach [86]

Hierbei steht R fiir Wasserstoff (H) oder eine Alkylgruppe. X besitzt min-
desten ein ungebundenes Elektronenpaar. In der Abbildung 2.5 hat X zwei
ungebundende Elektronenpaare. Y symbolisiert ein Element mit einer mittle-
ren Elektronegativitét wie Kohlenstoff (C), Schwefel (S). R’ gibt ein Element

mit einer hoheren Elektronegativitéit als A wie Sauerstoff(O), Halogen und
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Stickstoff(N) an.

2.5.1 Die Zerlegung der Gesamtenergie

Das Konformer mit dem grofsten Betrag der Gesamtenergie ist das stabilste
Konformer. Um die Natur dieser Bevorzugung manches Konformer gegeniiber
anderem zu verstehen, ist eine Zerlegung der Gesamtenergie in einzelnen
Komponenten notwendig. Bei Pople et al. [83][115] setzt sich die Gesamt-

energie aus drei einzelnen Betréige zusammen(Gleichung 2.133).
Eges - Vi + va + VE’) (2133)

Dabei gibt V; die elektrostatische Energie wieder, die bei z.B. der Edward’s
Dipol-Dipol-Wechselwirkung entsteht. Im Abschnitt 2.5.2 wird auf diese Energie
ndher eingegangen.

V5 beschreibt die stereoelektrische Energie, die unter anderem die Altorna’s
Zwei Elektronen- Zwei-Orbitale Stabilisierung beinhalten, auf der das Kapitel
2.5.3 gewidmet ist.

V3 steht fiir die sterische Energie.

2.5.2 Das elektrostatische Model des anormeren Effekts

Die ungebundenen Elektronenpaare des Heteroatoms im Ring verursachen
einen Ringdipol. Dieses steht mit der polaren Bindung am C(1) Atom in
einer Wechselwirkung. Aus der Konformerenanalyse ist bekannt, dass dieses
mit dem hoheren Dipolmoment eine héhere elektrostatische Energie besitzt
und dementsprechend instabile ist. Abbildung 2.6 ist zu entntnehmen, dass
das Konformer mit X in axialer Stellung ein kleineres Dipolmoment vorweist

und somit das stabilere Rotamer darstellt.
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g/

~o= R

Abbildung 2.6: Dipol-Dipol-Wechselwirkung zur Erklédrung des anormeren
Effektes

2.5.3 Die stereoelektrische Interpretation des anorme-
ren Effekts

Die bevorzugte gauche als die sterisch giinstige Stellung bei der RX-CH-YR’
(Abbildung 2.5), wenn X und Y elektronegative Gruppen darstellen, bezeich-
net man auch als den Gauche-Effekt. Als Beispiel ist in der Abbildung 2.7

Wasserstoffperoxid aufgezeichnet:

H,0,

gauche anti

Abbildung 2.7: Wasserstoffperoxid zur Erklarung der gauche- und anti-
Stellungen

Wolfe [155] [156] schlussfolgert, dass das Konformer mit einer maximalen
Anzahl an Gauche-Wechselwirkungen am energiegiinstigsten ist, wenn min-
desten ein ungebundenes Elektronenpaar bzw. ein polarer Substituent am
einem pyramidalen Atom héngt.

Die Ursache fiir die Bevorzugung einer sterisch ungiinstigen Form beruht

auf o — o* bzw. auf n — ¢* Wechselwirkungen zwischen dem einem anti-
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periplanaren Atom und einem Bindungsakzeptor bzw. einem ungebundenen
Elektronenpaar (Abbildung 2.8).

d
oS L\ XY
N v @ s
\\\\\\ A \ = “‘\\\\\ Ab O-*A a
a ‘

Abbildung 2.8: ¢ — ¢* Wechselwirkungen

Der Energiegewinn geschieht durch eine Zwei-Elektronen-Zwei-Orbitale Wech-
selwirkung (Abbildung 2.9)

E A

Abbildung 2.9: Stabilisierung durch die n — ¢* Wechselwirkungen

Je kleiner die Energiedifferenz zwischen den beiden Orbitalen ist, desto besser ist
die Uberlappung und desto stirker ist die Auswirkung auf die Unterschiede

der Bindungsldngen zwischen der axialen und equatorialen Stellung des Y-Atoms.
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Am besten eignet sich das Carbanion-Ion daher als Elektronendonor, gefolgt
von dem ungebundenen Elektronenpaar des Heteroatoms am Ring und der

Sigma-Bindung [41]:

Ne- > No > 0c—Hg > 0c—c > 00—0- (2.134)
Die Reihe der Elektronenakzeptoren sieht daher wie folgt aus:

Oo_c1> 060> 0o > O g (2.135)

Dariiber hinaus findet man bei den Untersuchungen von 1,4-Dioxan-, Dithian-,
Thioxanderivate eine verkiirzte C-X Bindung in der axialen Stellung und eine
verldngerte C-Y Bindung im Vergleich zu der in der equatorialen Stellung.
In Abbildung 2.10 sind diese Abstéande fiir trans-2,3-Dichloro-1,4- Dioxan
abgebildet [121].

Y 1425A

X /\//13/1,394.1\
le }/02‘“‘01
/ 1
| CI/T |\\1=819A
Cl

Y 1,781 A

Abbildung 2.10: Die Bindungslangen am 2,3-Dichloro-1,4-Dioxan

Die Erklarung hierfiir liefert die Valenzstruktur-Theorie, die das stabilste
Konformer mit dem meisten Resonanzstrukturen besschreibt.

Bei einem elektronegativen Substituent findet bei einer axialen Stellung am
C1-Atom eine negative Hyperkonjugation statt (Abbildung 2.11).

Die Verschiebung der Elektronen zu dem antibindenden Orbital im C; — X
verursacht eine Dehnung dieser C';-X Bindung und die Verkiirzung der C-
O Bindung resultiert aus der Zunahme eines Doppelbindungscharakters im

Ring.
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- D
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O--...___‘_C1/ —— / 1
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Abbildung 2.11: Valenzstruktur-Theorie zur Erklarung der unterschiedlichen
Bindungslangen

2.6 Die Zentrifugalverzerrung

2.6.1 Allgemein

Auf ein rotierendes System wirkt aufgrund des Drehimpulses J immer eine
Zentrifugalkraft, die zu einer Verédnderung der Drehbindungen und der Dreh-
winkel fithren. Die hoheren Rotationszusténde, die bei einer hoheren 'Rotati-
onstemperatur’ besetzt werden, verursachen somit eine grofsere Verédnderung
der Gleichgewichtstruktur des nichtrotierenden Systems. Das Arbeiten im
niedrigen Rotationstemperaturbereich unterdriickt die Besetzung der héhe-
ren Rotationszustdnde, die dadurch ein geringeres Ausmaf der Zentrifugal-
krafte bewirkt.

Im Folgenden wird die Zentrifugalverzerrung, angelehnt an die Beschreibung
nach Gordy/Cook [61] und Watson [145], als Storung wiedergegeben.

Bei einem nicht linearen N - atomigen Molekiil sind 3N — 6 Auslenkungs-
koordinaten méglich, die Anderungen der Bindungslinge r, bzw. der Bin-

dungswinkel r, von einem Gleichgewichtzustand beschreiben.
Ri=r,—riVR =r,—rt. (2.136)

rs oder r¢ geben die Gleichgewichtskoordinaten des i-Atoms wieder.

Die Zentrifugalkrafte bewirken eine Verédnderung der Gleichgewichtskoordi-
naten. Dies ruft eine elektrostatische Riickstellkraft hervor, die bei kleiner
Auslenkung in guter Ndherung als harmonisch angesehen wird. Aus der klas-

sischen Mechanik berechnet sich die potenzielle Energie aus den Verschie-
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bungskoordinaten:
1
=3 ZfiniRj, (2.137)
ij

fi; stellt die harmonischen Kraftkonstanten dar.

Die klassische Hamiltonfunktion berechnet sich wie folgt:

= % Z,uaﬂJan +V a,f=x,y, 2. (2.138)
a,B
Der erste Term der Gleichung 2.138 beschreibt hierbei die kinetische Rota-
tionsenergie. [, = 1! gibt die Komponenten des inversen Tragheitstensors
wieder, die bei der Zentrifugalverzerrung von den Auslenkungskoordinaten
abhéngen. Der zweite Term gibt die potenzielle Energie wieder.

Insgesamt wirken auf das rotierende System keine Kréfte, d.h.:

oH
IR,

= 0. (2.139)

Die Gleichung 2.138 wandelt sich dementsprechend in Gleichung 2.140 um:

8H aﬂag oV
3R 3 Z JoJy +

5. o =" (2.140)

Unter der Annahme einer kleineren Auslenkung werden O, die man in
einer Reihe um den Gleichgewichtwert entwickelt, nach dem ersten linearen
Glied abgebrochen:

Lap :uzﬁ—l—ZugﬁRH—...... (2.141)
mit
7 aluaﬁ
Hp = Hp (2.142)



42 KAPITEL 2. THEORETISCHE GRUNDLAGEN

Setzt man diese Entwicklung der Gleichung 2.141 und die Gleichung 2.137
fiir V' in die Gleichung 2.140 ein, so erhélt man:

1 . 1 ‘
§ZuaﬁJan+§Zfinj:0 i=1,2,3,...,N—6 (2.143)
af )
mit:
1 — i
Rj=—3 > NithgTads. (2.144)
i,

(f7')i; sind hierbei die Elemente der inversen Kraftkonstantenmatrix. Die
Gleichung 2.141, die die Reihenentwicklung fiir die Komponenten des Dre-

himpuls darstellt, lasst sich wiedergeben als:
e 1 7 - 7
Hap = Noa,@ - 5 Z{suaﬁ(‘f 1)ijlufy(5']7‘]5‘ (2145)
l?’y?
Die potenzielle Energie der Gleichung 2.137 berechnet sich wie folgt:
V== Y hs(fjittsJad sy s, (2.146)
1,7,0,3,77,0

Unter der Anwendung des Korrespondenzprinzips setzt sich der Hamilton-
operator zusammen aus einem Term FIW, der die reine Rotation beschreibt,

und aus einem Term H..fiir die Zentrifugalverzerrung.

1ot = H, + H, (2.147)

H,, = B,J?+ B,J2 + B.J? (2.148)

. R i .~

He =" | 2’; 6r%ﬁws(]w]ﬁtfwf(s (2.149)
Z?J7a7 77’

mit

Ta,B,y,6 — Zuiﬁ(fil)ji/j“yé a7ﬁ7775 =T,Y,z. (215())
.
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Die Gleichung 2.148 behandelt die reine Rotation, in der der Hamilton-
Operator nur von den drei Rotationskonstanten des Haupttragheitsachsen-
systems abhangt. H. aus der Gleichung 2.149 gibt die Energie der Zentrifu-
galverzerrung als Storung zu dem ungestorten System des 'starren Rotators’
an und wird zu diesem addiert. Sie ist sowohl von den Verzerrungskonstanten
Ta,8,y,6 als auch von den Drehimpulsoperatoren jg abhéngig. Die Storungs-

energie erster Ordnung fiir ein bestimmtes Niveau J, berechnet sich nach:
Eq = (H.) = (J,7|H.|J,). (2.151)

Da die Drehimpulskomponenten jx, jy, J, nicht miteinander kommutieren,
existieren fiir die Gleichung 2.149 3* = 81 Terme. Die Rotationswellenfunk-
tionen des starren asymmetrischen Kreisels gehdren der Vierergruppe D, an
(Tabelle 2.3). Danach transformieren sich .J, nach B,, J, nach B, und J. nach
B.. Damit das Intergral der Gleichung 2.149 nicht verschwindet, miissen die
Produkte der Drehimpulskomponenten der totalsymmetrischen Darstellung
entsprechen, d.h. alle Termen mit ungerader Anzahl von Drehimpulskompo-
nenten in der Naherung erster Ordnung verschwinden.

Von den verbleibenden 21 Termen sind viele gleich, sodass nur 9 verschie-
dene quadratische Verzerrungskonstanten iibrig bleiben und in Tabelle 2.9
wiedergegeben werden.

Unter Anwendung der Vertauschungsregeln der Gleichungen 2.49 - 2.56 (S.
15) ergibt sich:

(Jadg+dsJa)? = 2(J2 I3+ T3 J2)+3.02—2J2—2.]3 a# B+ (2.152)

Fiir o, 3, v miissen zyklische Anordnungen gewéhlt werden. Dadurch kann
man die letzten drei Verzerrungskonstanten der Tabelle 2.9 eliminieren und

erhélt die in der Tabelle 2.10 angegebenen 6 Verzerrungskonstanten.
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Trxxx

Tyyyy

Tazzz

Tyyzz = Tzayy

Tzzex = Trazz

Teayy = Tyyax

Tyzyz = Tayzy = Tyzzy — Tzyyz

Tezez = Tezaz = Tezza — Tzaexz

© 00 I O Ot = W N

Toyzy = Tyzyz = Toyyz = Tyazxy

Tabelle 2.9: Die 9 verschiedene Verzerrungskonstanten

!
1 Tower — Tzzzz
2 !
Tyyyy = Tyyyy
!
3 Tyssy = Tzzzz
!
4 Tonzz — Taxxzz + Qszxz
!
i) Tmmyy = Taxyy + 27—173/9311
’ 2
6 Tyyzz = Tyyzz + Tyzyz

Tabelle 2.10: Die Reduzierung von 9 auf 6 verschiedene Verzerrungskonstanten
durch die zyklische Anordnung

Die beobachteten Rotationskonstanten B, hingen von den Rotationskon-

stanten B, des starren Geriists sowie von den Verzerrungskonstanten ab:

4

/ h

Baz = Bﬂc + Z(?’szﬂcy - QT:pzacz - QTyzyz) (2153)
/ ht

By = By + _(3Tyzyz - 27—xyxy - Qszxz) (2154)

4
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4

, h
B.=B. + Z(Brwzm — 2Ty — 2Tyzyz) (2.155)

Fiir den Hamiltonian der Gleichung 2.147 erhalten wir:

- i ket [ ro2 VS h4 2o A
Hyop = Hy + He = BLJ7 + By Jj + B.J2 + > ToapsdiJs. (2.156)
a7ﬁ
Kivelson und Wilson [90] fithrten die Zentrifugalverzerrungskoeffizienten als

Linearkombination der Verzerrungskonstanten ein, die in der Tabelle 2.11

wiedergegeben werden.

Dy= _$(3Tmm + 3Tyyyy + 2(Twayy + 2Tayay))

Di = Dy = § (Tezzz — (Tawzz + 2Tazaz) — (Tyyzz + 27y2y2))

Dy =—-Dj— Dk —1/47....

Rs = — 55 (Taawa — Tyyyy — 2(Tawez + 2Tazaz) + 2(Tyyes + 272y2))
Rs = 55 (Twaae + Tyyyy — 2(Taayy + 2Tayay))

0y = _%(Tmm — Tyyyy)

Tabelle 2.11: Verzerrungskonstanten nach Watson und Kivelson/Wilson [90]

Fiir den Hamiltonian der ersten Ordnung ergibt sich dann:
Hy = (By—4R)J} + (B, — 4Rg).J} + (B: — 4R).J2
—DyJt — Dy 0% — DiJt -5, [(j+)2 + (j*)Z] (2.157)
B {J2 () + (2] + [T+ (7] 22

+Rs |(J5) 4 ()
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2.6.2 Der reduzierte Hamiltonoperator

Die Standardform des Rotationshamiltonoperators nach Watson [147] wird
wie folgt berechnet:
Hao= 3" hygJrJoJs + Jrje . (2.158)
p,q,7=0
Die Hamiltonoperator muss unter der Operation der hermetischen Konjuga-

tion sowie der Zeitumkehr invariant sein:
~ N ~ A o~ ~n o~ T
Hy=Hl, = TH, T = <THstT‘1> . (2.159)

Somit miissen h,q reel und p 4+ g + r in der Gleichung 2.141 gerade Werte
annehmen.

Experimentell lassen von den 6 Verzerrungskonstanten nur 5 unabhéingig
voneinander bestimmen lassen [61]. Um die experimentellen Daten besser
anzupassen, und die unzugéanglichen Parameter aus dem Hamiltonian zu ent-
fernen, fiihrt man den sogenannten reduzierten Hamiltonoperator (H"? ) ein.
Durch eine Kontakttransformation werden die experimentellen Koeffizienten
aus dem reduzierten Hamiltonoperator (H"¢* ) mit den Konstanten des ’ori-

A

ginellen” Hamiltonoperator (H,, ) verbunden:

H' = U'H,,U. (2.160)

A A~

Hierbei ist U eine unitéire Operation (d.h. U~' = UT) mit:

~

U1 = iS¢ (2.161)

Die Elemente der unitiren Transformation S haben eine #hnliche Form wie

die Gleichung 2.158 mit p + ¢ + r = n, wobei n ungerade ist [147].

S= " spg LTI+ JTLT (2.162)

Yy z zYyYx:



2.6. DIE ZENTRIFUGALVERZERRUNG 47

Spqr sind reelle Parameter, wobei die Summe der Koeflizienten (p + ¢ + r)
ungerade ist. Demzufolge nehmen S5 und Ss, die den Hamiltonian bis zu J

beriicksichtigen, folgende Formen an:

gg = Slll(jxjyjz + jzjij) (2163)
g5 = S311 <j§jyjz + jzjng) (2164)

i (S 4 L0 ) + suis (Jody B2+ 20
Wir erhalten also folgende Form fiir den Hamiltonian:

= (@ ~(6)

U'H,U=H, +H, +H, (2.165)
mit:

H, =H, (2.166)

< 4) - R

H =H9 1 [H 53} (2.167)

= (6) R R ~ 171 4

A, =08 +i [HM,SE)} +i [Hg >,53} = [[Hrr,sg],sg} . (2.168)

Betrachten wir nur den vierten Term U~ = ¢i% und kiirzen Too = Tacoa
und T, = Taaps, €rgeben sich fiir den Hamiltonoperator nach der van-Vleck-

Transformation [141] folgende Gleichungen:

H=B,J2+ B,J2 + B.J? + ) TopJ? (2.169)
a,B
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(B, — 4R5)J? + (B, — 4Rg)J? + (B, — 4Rs)J?
—DyJ* — Dy J?J? — Dy J?

=5y |2+ (] (2.170)

R (T + ().

Die Koeffizienten sind wie folgt definiert:

B, = B, +4(B. — B,)s1 (2.171)
B, = B, + 4(B, — B.)s11 (2.172)
B. = B, 4+ 4(B, — By)sin1 (2.173)
Dy =Dy +1/2(B, — B,)sin1 (2.174)
Dyx = Dyx — 3(B, — By)sin (2.175)
~ 5

DK = DK + §(Bx - By)slll (2176)
5, =46, (2.177)
~ 1

R5 == R5 + i(Bx + By - 232)8111 (2178)
~ 1

Die effektiven Rotationskonstanten lauten:

(B —4Rs), (By —4Rs), (B. — 4Re) (2.180)

2.6.2.1 Die A-Reduktion

Watson [145] [61] setzt fir Rs = 0 und eliminiert damit alle (K/K + 4)

Matrixelemente von H. Unter dieser Voraussetzung berechnet sich s;1; nach
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der Gleichung 2.159 (Seite 46):
§= (2.181)

Die Verzerrungskoeffizienten des vierten Terms der A-Reduktion sind defi-

niert als:
Ay =D;=D;—2Rq (2.182)
Ay = Dyx = Dy + 12Rg (2.183)
Ag = Dg = Dg — 10R; (2.184)
5, =10, (2.185)
- 4(2B, — B, — B,)Rg

S = —2Rs = —2Rs — y 2.1

= —2R; = —2R; R (2.186)

Die Hamiltonian der Gleichung 2.159 verdndert sich dann in der A-reduzierten

Form folgendermafien:
HA = B J2 4+ By J2 + BV I — Ayt — A J?J2 — A Jd (2187
=8y [T (2] 0 {2 {92 4 (2] + (T2 + (2] 2}

2.6.2.2 Die S-Reduktion

Die A-Reduktion kann bei allen nahezu symmetrischen Molekiilen zu Proble-
men fiihren. In diesen Féllen sind B, ~ B, und s;;; geht entsprechend der
Gleichung 2.181 gegen unendlich. Dabei kommt es bei numerischen Com-
puterrechnungen zu Schwierigkeiten. Fiir diese Molekiile eignet sich die S-
Reduzierung von Winnenwisser 2.153, bei der ég, = 0 gesetzt wird. Dabei

rechnet sich dann sy1; gemélfs der Gleichung 2.169:

2R;

. 2.1
2B. — B, — B, (2.188)

S111 =
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Durch die Einfithrung von ¢ ergibt sich:

9B, — B, — B,
= . 2.1
o B.— B, (2.189)

Wir erhalten &hnlich der Gleichungen 2.182 - 2.186 fiir die S-Reduktion fol-

gende Verzerrungsparameter:

~ R

6R

LUK__LMK———;E (2.191)
5R

DK__DK+-;E (2.192)
dy = —8; = —0, (2.193)

~ Rs
dy = R — 15 2.194
9 = Rg = Rg + o (2.194)

Fiir die reduzierten Hamiltonian der S-Reduktion ergibt sich dann:
) =B J2+ B J2 + B J — AyJt — Ay J?J? — Ay J?
—d [+ (R [ )], (2195)

mit den effizienten Rotationskonstanten der Gleichung 2.168:

e~ 2
_Bg):f%-—4R6=:Bm+‘(4+‘;)]%‘_4R6 (2.196)

~ ~ = 2
zﬁﬁzzzg-4R6::By+-(4+-;)1%-4R6 (2.197)

e~ R
B® =B, —4Rs = B. +—C—3—+6}Q (2.198)
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2.7 Die Linienintensitaten

Die Linienintensitit der einzelnen Uberginge wird bestimmt durch den Li-

nienstéarkefaktor und den Populationsfaktor bestimmt.

2.7.1 Der Linienstarkefaktor

Der Linienstarkefaktor hdngt im Allgemeinen von dem Betrag des Quadrats

des Ubergangsmatrixelements R™"™ ab:
S — | R™2, (2.199)

Dieser ldsst sich bei dem asymmetrischen Rotor aus dem Dipolmomentope-

rator p herleiten lasst:

R = Y <mM’\u\mM”>. (2.200)

M/ MN

Durch die Separation des elektronischen Anteils und des Schwingungsterms

wird in folgender Gleichung der reine Rotationsterm dargestellt [92] [151]:

<A(J'7T'7 M)lps| A", 7", "))

2
=3} Z Z g M <J'K'M\MZ\J”K”M> (2.201)

M \K'=J K'"=-J"

Mit a%‘f " als Koeffizient der einzelnen symmetrischen Wellenfunktionen wird
die asymmetrische Rotorwellenfunktion durch Linearkombination der sym-
metrischen Rotorwellenfunktionen gebildet. Der Dipolmomentoperator p, in
der Gleichung 2.201 muss von dem raumfesten in das molekiilfeste Koordina-
tensystem durch die Richtungskosinusmatrix ® transformiert werden. Nach
Anwendung der Auswahlregeln werden nur die Linienintensitéten ausgewer-
tet, bei denen das Ubergangsmatrixelement nicht Null betrigt. Bei einem
asymmetrischen Rotator kann das Ubergangsdipolmoment aus Komponen-

ten mehrerer Haupttragheitsachsen bestehen. Man unterscheidet daher a, b
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oder ¢-Typ Banden bzw. Kombinationen aus diesen Typen. Die Intensitat
der einzelnen Typ-Banden verhilt sich zueinander wie deren cos?, der den
Winkel zwischen den jeweiligen Haupttrigheitsachsen und dem Ubergangs-

dipolmoment bildet.

S, 1Sy S.=cos*/(y,a): cos*/(p,b) : cos®/(u,c). (2.202)

2.7.2 Der Populationsfaktor

Die Boltzmann-Statistik dient zur Beschreibung vom thermischen Beset-

zungsgrad eines bestimmten Ausgangzustandes:
_ B
N; = Ng;e ™T. (2.203)

Darin ist ¢g; der Entartungsgrad des i-ten Niveaus, F; die Energie des i-
ten Niveaus und k; die Boltzmannkonstante. Im Molekularstrahl kiithlen die
Rotationszusténde ungleichméfig ab, sodass man ein Zweitemperaturmodell

zur Beschreibung des Besetzungsgrades nimmt:
_ B _ B
N; = Ny, (e T 4 we ka2> . (2.204)

w beschreibt hierbei den Wichtungsfaktor der zweiten Tempertatur 75.

2.7.3 Die Fluoreszenzintensitat

Die Linienintensitiat der Absorption ist proportional zum Populationsfaktor
(1 — 6_%) und zum Linienstérkefaktor S:

N " v
Inln// X % (]_ — 6_%) Sn/n//' (2205)

n’ steht fiir die Quantenzahl des angeregten Zustandes und n” fiir die Quan-

tenzahl des Grundzustandes. Bei UV-Frequenzen ist die stimulierte Emission
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gleich 1, da hv > KT und damit der Exponentialausdruck verschwindet. Zu-
sammenfassend ergibt sich fiir die Intensitét der einzelnen Fluoreszenziiber-

gange:

E 4 1 _.n
J KiK. VA "o

.[ - IogJHKgKg 6_ kTrot SJ K(LKC’ J Ka KC . (2.206)

Bei dem Zweitemperaturmodell berechnet sich die Fluoreszenzintensitit wie
folgt:

7EJ /KZKg 7EJ /KgKg J/K/ K/ J//K//K//
] = ]OgJHK;/KéI e kTrot1 +w e kETrot2 S attes atte (2207)

2.8 Die Linienverbreiterung

Fiir einen Ubergang zwischen zwei Energieniveaus erwartet man eine de-
finierte Spektrallinie. Tatséchlich jedoch kommt es aufgrund verschiedener
unvermeidlicher Storungen zu einer Verbreiterung der Spektrallinien, die so-

wohl homogen als auch inhomogen sein koénnen.

2.8.1 Das Linienprofil

Die homogene Verbreiterung ist fiir jedes Molekiil im System gleich. Mathe-
matisch lassen sich diese durch die Cauchy-Lorentz-Verbreiterung darstellen

[13] [36]:

(32)

5 2.208
(33 — 1’0)2 + (%) ( )

L(x) = [

xo stellt das Zentrum des Linienprofils dar. v ist die Halbwertbreite:
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Durch die Substitution der Kreisfrequenz durch:
w = 27, (2.210)
und das Einsetzen in die Gleichung 2.209 ergibt sich:
i
A = —. 2.211
Y172 2w ( )

Durch die Ubernahme der Gleichung 2.211 in die Gleichung 2.200 bekommt
man das Lorentz-Profil in Abhéngigkeit der Frequenz:

A
L(v) = V1/2

= 2.212
42 (v — )2 + (TAvy /2)? ( )

Eine Linienverbreiterung, die nicht fiir alle Molekiile im System gleich ist,
nennt man die inhomogene Verbreiterung. Diese lasst sich durch die Gauk-,

oder auch die Normalverteilung genannt, beschreiben:
(2.213)

Durch das Einsetzen der Ursprungfrequenz vy fiir den Mittelwert x4 und unter
der Beriicksichtigung des folgenden Ausdrucks zur Berechnung der Halbwert-
breite des Gaufsprofils:

Avyjy = 20V/2In2. (2.214)

ergibt sich fiir die Gleichung 2.213:

2
2 [n2 —4ln2(A“‘“0>
— - nyz) 2.21
6le) = 5,y e (2.215)

Meist treten mehrere Mechanismen zur Verbreiterung des Linienprofils auf.

Das Gesamtprofil berechnet sich durch die Faltung der einzelnen Profilfunk-

tionen:

foes(0) = f1(v) * fa(v) ... = /_00 F1(0) % folo =0 ) % ...dv'. (2.216)
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Die Uberlagerung der homogenen Linienverbreiterungen ergibt wieder ein
Lorenzprofil. Die resultierende Halbwertbreite berechnet sich aus der Summe

der einzelnen Halbwertbreiten:
Avre) = Aol + Avll + (2.217)

Aus der Uberlagerung der inhomogenen Linienverbreiterungen bekommt man

auch hier wieder ein Gaufsprofil. Fiir die Gesamthalbwertsbreite ergibt sich:

qus 1 Py
Avfy) = \/(Avf/2)2 +(Avi2)2 + . (2.218)

Die Faltung aus einem homogenen und einem inhomogenen Verbreiterungs-

profil fihrt zu einem Voigtprofil|36]:

V(v) = G(v) *x L(v) = / G') % L(v — v )dv' (2.219)
Es gibt keine analytische Losung fiir das Intergral der Gleichung 2.219. Fiir
die hinreichende Naherung wird die Losung als Realteil einer imagindren

Fehlerfunktion @(z) wiedergegeben:

V(v) = R;L\/;—?]. (2.220)
S (2.221)

-5

Die Halbwertbreite des Voigtprofils berechnet sich in guter Ndherung folgen-
dermafsen [38|:

L 2
Aol = B (2) +(a (G))Q. (2.222)

Y12
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2.8.2 Die Verbreiterungsprofile
2.8.2.1 Die natiirliche Lebensdauerverbreiterung

Die begrenzte Lebensdauer 7 des angeregten Zustandes stellt die Ursache der
natiirlichen Lebensdauerverbreiterung dar, die einem homogenen Lorenzpro-
fil unterliegt.

Mechanismen, welche die begrenzte Lebensdauer verursachen, sind die Zer-
fallsprozesse erster Ordnung, die spontanen Emissionen, die Internal Con-
version, das Intersystem Crossing oder die photochemischen Reaktionen. Die
Bestimmung der Linienbreite. wird durch die Unschérferelation hergeleitet,

wobei At = 7 gleich gesetzt wird|[13]:

AE-At>h (2.223)
AE 1

A= —>_— 2.224

v h = 27T ( )

Die Lebensdauer zwischen zwei Niveaus infolge spontaner Emission ist gleich
dem Reziprok des Einsteinkoeffizients A,,,, der die Wahrscheinlichkeit der
spontanen Emission aus dem Zustand m in den Zustand n eines Molekiils

wiedergibt|[36]:

r 3hc?
A 64703 [(mpln) 2

Top =

(2.225)

Durch das Einsetzen dieser Beziehung in die Gleichung 2.224 ergibt sich die

Halbwertsbreite der Lebensdauer:

A - 1 Ao 3273
v = =
V2= onr 27 3hcd

Vil (|l ) 2. (2.226)

Bei der spontanen Emission vom Zustand m in mehrere untere Zustande ¢
berechnet sich die natiirliche Halbwertsbreite aus der Summe der einzelnen

Halbswertsbreiten:

A < 1 Apm 3273
v g g
V2= onr 27 3he3 -

oIl . (2.227)
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2.8.2.2 Die Druckverbreiterung

Die homogene Linienverbreiterung der Druckverbreiterung wird sowohl durch
elastische als auch unelastische Stofse verursacht. Eine detaillierte Beschrei-
bung der Stofimechanismen findet sich bei Townes und Schawlow [139] sowie
Demtroder [36]. Fiir die niedrigeren Gasdriicke liefert eine einfache semiklas-
sische Analyse ein Lorentzprofil. Die Halbwertbreite berechnet sich propor-
tional zum Gasdruck p und zu einem Druckverbreiterungskoeffizient b, der
in der Regel 10MHz/Torr betragt:

2.8.2.3 Die Dopplerverbreiterung

Die thermische Bewegung der Teilchen bewirkt, dass sich einige der Teil-
chen entgegen der Einfallsrichtung des Photons bewegen. Durch den opti-
schen Doppler-Effekt verschieben sich dadurch die Photonenfrequenzen. Die
Geschwindigkeit der Teilchen in der Gasphase lasst sich mit der Maxwell-

Boltzmann-Verteilung darstellen:

n; . m —
Ndv =4/ 5 i TC dv. (2.229)

Das berechnete Linienprofil hat die Form einer Gauftkurve:

KT
> /W“”‘ (2.230)

Aus dieser Gleichung und der Gleichung 2.214 ergibt sich fiir die Halbwerts-

breite der Dopplerverbreiterung:

SkTIn2
Avy gy = U—CO m” . (2.231)
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2.8.2.4 Die Flugzeitverbreiterung

Beim Treffen des Laserstahls senkrecht zu einem Molekularstrahl mit einer
homogenen Geschwindigkeitsverteilung bestimmen wir die Zeit zwischen der

Wechselwirkung von den Molekiilen und dem Laserstrahl:
T = C—Z (2.232)
v

Die endliche Interaktionszeit zwischen dem Molekiil und dem Laserstahl be-
wirkt eine Verbreiterung der Frequenz fiir den Ubergang. Im Einmodenlaser
ist die Feldstdrke E nicht konstant, sondern hingt vom Abstand r um die
Strahlenachse ab. Diese Abhéngigkeit lédsst sich durch eine Gaufiverteilung
beschreiben|32]:

2r

E(rt) = EO(J(F)2 cos(2mut). (2.233)

Die Halbwertbreite berechnet sich somit:

VEInZY 0,75, (2.234)
™ d d

AU(l/Q) =

d beschreibt hierbei die Dicke das Laserstrahls und v die Geschwindigkeit des
Molekularstrahls. Bei der genaueren Berechnung der Flugzeitverbreiterung

beriicksichtigt man die Maxwellsche Geschwindigkeitsverteilung mit:

mv2

N(v) = Cvie =T, (2.235)

2.8.2.5 Die Laserlinienverbreiterung

Durch Schwingungen und thermische Ausdehnung innerhalb des Resonators
eines Einmodenlaser kommt es zur Verdnderung der Resonatorléingen. Diese
verursachen eine Verbreiterung der Laserlinie. Naherungsweise lésst sich die

Laserlinienverbreiterung mit dem Gaufprofil wiedergeben. Die Halbwerts-
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breite berechnet sich geméafs der Gleichung 2.214:

A'Ul/z = 20V 2In2.

59

(2.236)
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Kapitel 3

Der experimentelle Auftbau

Die rotationsaufgeloste elektronische Anregung von Molekiilen und Clustern
erfordert einen Laser mit einer kleineren Linienbreite als die zu erwartende
Linienbreite der Rotationsiibergéinge der rovibronischen Bande. Auferdem
sollten die Molekiile moglichst unter stofsfreien Bedingungen gemessen wer-
den. Durch eine isotropische Expansion ins Vakuum werden die Molekiile
bezogen auf ihre Rotations- und Schwingungstemperatur, auf wenige Kelvin
abgekiihlt, wodurch sich die Spektren deutlich vereinfachen (da nur wenige

Rotationsniveaus besetzt sind ).

Die Gesamtapparatur ist in folgender Abbildung 3.1 dargestellt. Sie kann in

drei Hauptbestandteile aufgeteilt werden:
1. das Lasersystem,
2. die Molekularstrahlapparatur,
3. die Steuerung und Datenerfassung,

die im néchsten Kapitel nacheinander besprochen werden.
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3.1 Das Laserlabor

Der obere Teil der Abbildung 3.1 zeigt den Aufbau fiir die Realisierung von
schmalbandiger, durchstimmbarer UV-Strahlung, welche die zu untersuchen-
de Substanz elektronisch anregt. Ein frequenzverdoppelter Nd-YAG Laser
(Millenia X) pumpt in den Ringfarbstofflaser, dessen emittiertes Laserlicht
durch einen Frequenzverdoppler in UV-Licht umgewandelt wird. Fiir die Be-
stimmung der relativen Frequenz dient ein Fabry-Perot-Interferometer (FPI).
Den absoluten Wert des Spektralbereiches ermittelt man aus der gleichzei-
tigen Aufnahme des Iodspektrums. Die folgenden Abschnitte widmen sich

diesen optischen Elementen.

3.1.1 Der Lasertisch

Ein optischer Tisch, der zur Ddmmung von Schwingungen, insbesondere der
Vibrationen der Pumpen und der Gebdudeschwingungen dient, wurde in ei-
nem angrenzenden Raum, von der Molekularstrahlapparatur getrennt, auf-
gebaut. Die Tischplatte, auf der sich der Pump- und der Ringlaser, der Fre-
quenzverdoppler, das Referenzetalon und die Iodzelle sowie ein Monochroma-
tor zur ungefahren Feststellung der Wellenlange befinden, besteht aus einer
etwa 800kg schweren, 2,4m x 1, 1m x 0, Im grofsen Granitplatte, die zur Mini-
mierung ihrer Eigenschwingungen in ein mehrere Zentimeter dickes Sandbad
eingebettet ist. Unterhalb der Sandwanne liegt der 1m hohe Styroporblock,
der zur Dampfung von niederfrequenten Gebadudeschwingungen dient. Damit
es beim Auslaufen von Losungsmitteln nicht zur einem seitlichen Abkippen
der Sandwanne durch Auflésung des Styropors kommt, sind an der Unterseite
der Sandwanne vier Stiirze montiert, die bis 5em iber dem Boden in das Sty-
ropor hinein reichen. Damit wird die Ubertragung der Gebiudeschwingungen
iiber diese Stiitzen an die optischen Elemente verhindert. Zur Minimierung
von Staub aus der Umgebungsluft dient ein dreistufiger Stromungsfilter, der
die gefilterte Luft {iber den Tischraum einleitet. Zum zuséatzlichen Schutz

vor Staub dienen zehn Acrylglasscheiben, die die Seitenflichen vom Laser-
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tisch abschlielRen.

3.1.2 Das Lasersystem

Zum Pumpen des Farbstofflasers wird ein frequenzverdoppelter Nd-YAG La-
ser verwendet, der bei 532nm emittiert. Durch die Absorption werden die
Farbstoffe in schwingungsangeregte S; Niveaus angeregt. Nach einiger ps re-
laxieren die Farbstoffmolekiile durch Stofe mit Losungsmittelteilchen in das
niedrigste Schwingungsniveau des Sj-Zustandes. Von hier aus kénnen meh-
rere Uberginge mit unterschiedlicher Wahrscheinlichkeit stattfinden (Abbil-
dung 3.2. Eine der Moglichkeit ist die Fluoreszenz, bei der unter Ausstrahlung
eines Photons das angeregte Molekiil in den schwingungsangeregten elektro-
nischen Grundzustand tibergeht. Mit einer viel geringeren Wahrscheinlichkeit
findet der Ubergang zu einem Triplettzustand statt, wobei sich die Anzahl
der Molekiile, die fiir den Laserprozess zur Verfiigung stehen, vermindert. Um
diesen unerwiinschten Triplettiibergang zu unterdriicken wird das Millenium
X - Laserlicht mit einem rasch stromenden laminaren Strahl einer Losung des
Farbstoffes in Ethylenglykol gekreuzt. Bei der Messung in der vorliegenden
Arbeit wurden Rhodamin 6G bzw. Rhodamin 110 als Farbstoff eingesetzt.

Durch Kollisionen in der Losung der Losung findet eine Verbreiterung sowohl
der Absorptionsbande als auch der Emissionsbande statt und ermdglichen
damit das kontinuierliche Durchstimmen der Wellenldnge iiber einen weiten
Bereich. Ein Ringresonator mit einer Doppel- Z- Anordnung verhindert die
Ausbildung eines Multimodenbetriebs und erlaubt dabei eine schmalbandige
Abstimmbarkeit des Lasers [31]. Abbildung 3.3 gibt den Aufbau des Ringre-
sonators mit seinen optischen Komponenten wieder. Die gewiinschte Umlauf-
richtung (M4 — M5 — M1 — M3 — M4) gegeniiber der "Riickwértswelle’
wird durch die optische Diode unter Nutzung des magnetptischen Faraday-
Effekts realisiert. Zur Selektion einer Wellenlénge dienen drei aufeinander
folgende Filter mit unterschiedlichen Finesse F* und mit unterschiedlichen
freien Spektralbereichen (Abbildung 3.4). Die Selektion einer Resonatormode

durch diese drei Filter erfolgt durch konstruktive Interferenz zwischen einem
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Jablonski - Diagramm
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Abbildung 3.2: Jablonski-Diagramm photochemischer Prozesse [137]

Strahl und einem anderen mit um n ganzzahligen Vielfachen verschobenen
Phasen. Jedes n kennzeichnet eine Transmissionsordnung; den Abstand zwi-
schen zwei benachbarten Ordnungen nennt man den freien Spektralbereich
(free spectral range, F'SR). Die Bandbreite eines Transmissionspeaks heifst
die volle Halbwertbreite (full width at half maximum, FW HM). Die Finesse
F* berechnet sich aus dem Verhéltnis zwischen dem Spektralbereich und der
Halbwertbreite:

FRS

B = rwan

(3.1)
Das optische Element mit der kleinsten Finesse und dem grofsten freien Spek-
tralbereich ist ein doppelbrechendes Filter (birefringent filter), das aus drei
doppelbrechenden Platten besteht und einer Halbwertbreite von 27'H 2z hat.
Die Auswahl einer einzigen longitudinalen Mode geschieht durch die Kombi-
nation zweier Etalons, einem diinnen Etalon mit 225GH z F'SR und 200G H z
FW HM und einem dicken Etalon, in dem ein fein durchstimmbarer Piezo-

kristall integriert ist. Dadurch kénnen Moden mit einem freien Spektralbe-
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reich von 10G H z und einer Halbwertbreite von unter 0, 5M H z durchgescannt

werden.

Drei Griinde, die zur Verbreiterung der Laserlinien fiithren, sind:

1. die Anderung des Brechungsindexes der Umgebungsluft aufgrund der

Temperaturschwankungen und der lokalen Druckdnderungen,

2. der Sprung in der Resonatorliange wegen der kurzzeitige Vibration des

Laseraufbaus,
3. die Fluktuationen des Farbstoffstrahls.

Ein Regelkreis korrigiert die kurzzeitigen Schwankungen, indem es die aktu-
elle Wellenlédnge mit einem stabilen Referenzresonator vergleicht, daraus ein
Regelsignal ermittelt und die Lénge des Resonators mit Hilfe eines Piezozylin-
ders am Faltungsspiegel M3 variiert. Ferner wird das Regelsignal verwendet,
um die Brewsterplatte im Resonator zu kippen, um fiir die Korrektur der
langzeitigen Schwankungen zu sorgen.

Das Scannen der Mode geschieht in zwei Schritten:

1. Durch Rotation der planparallelen Brewsterplatte vergréfert sich der

optische Weg des Laserlichts im Resonator.

2. Der Piezozylinder regelt das Transmissionsmaximum des dicken Eta-

lons auf der aktuellen Lasermode

3.1.3 Das Bestimmen der relativen und der absoluten

Frequenz

Der relative Frequenzabstand zwischen dem rovibronischen Ubergang und
dem elektronischen oder vibronischen Ursprung miissen bei der Berechnung
der Rotationskonstante genau ermittelbar sein. Hierzu dient die Aufnah-
me des Transmissionsspektrums eines quasiplanaren konfokalen Fabry-Perot-

Interferometers, das nur fiir ganzzahlige Vielfache einer charakteristischen
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Abbildung 3.3: Modeselektion im Ringfarbstofflaser [31]

Wellenlénge durchléssig ist. Der freie Spektralbereich, der aus exakt gemesse-
nen Mikrowelleniibergéngen von Indol ermittelt wurde, betragt 149,9434(56)
MHz. Die Bestimmung der absoluten Frequenz geschieht auf zwei Wegen.
Zum einen wird ein Teil des Laserstrahls in einen Monochromator zur gro-
ben Einstellung der Wellenlénge eingeleitet. Hierbei kann die Mode auf ca.
10 Wellenzahlen bestimmt werden. Zum anderen geschieht die exakte Be-
stimmung der absoluten Frequenz durch die gleichzeitige Aufnahme eines
Jodabsorptionsspektrums und den anschliefsenden Vergleich mit dem Jod-
atlas [51] [52]. Dabei wird ein Teil des Laserlichts durch die Jodzelle, die
zur Verminderung der Druckverbreiterung der Linien auf unter 1 mbar Rest-
gas evakuiert ist, geleitet und das transmittierte Licht mit einer Photodiode
detektiert.



KAPITEL 3. DER EXPERIMENTELLE AUFBAU

68

Kompensations-
thombus COrptische Diode

Dimnes  Dickes # Brewsterplatte
_.UEE Etalon =

‘ Servoraotor Strahlteiler

Faltungs- _— /| \ - ~ v T
spie m_ [Ty i
== 5, TTXIT] U
Burefningent- Ungs-
Du_d._ﬂ - _.quEﬁﬁ amemm»wﬁ
Puraplass rstrahl .
488 oder Sldnm ¥ SPiegelFl
FDI Sbec hwdcher
~T[1
Differenz- 1 _|_
e rstrker
Steuere lektronk PD2 —
P | I R/ M_
| 6\
Eremeterphoe
Refere nzetalon

Abbildung 3.4: Schematischer Aufbau des Ringfarbstofflasers [31]
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3.1.4 Die Frequenzverdopplung

Licht regt beim Treffen auf eine Materie deren Elektronen zum Schwingen
an. Normalerweise schwingt das Elektron mit der gleichen Frequenz wie das
eingestrahlte Licht und gibt entsprechende Photonen mit der gleichen Energie
wieder ab. Bei Licht mit hoher Intensitét, wie es beim Laser der Fall ist, hdngt
die Polarisation in der Materie nicht nur vom ersten Term der Summe in
Gleichung 3.2 ab, sondern setzt sich als Summe mehrerer Betrage zusammen
[150]

P(E)=e Y x"E" (3.2)

E"™ elektrische Feldstéarke: FE(t) = Eysin(wt)

¢o Dielektrizitatskonstante des Vakuums

x entspricht der dielektrischen Suszeptibilitdt n - ter Ordnung

Fiir die Frequenzverdopplung in nichtlinearen optischen Medien, wie zum
Beispiel LiNbO3, KDP und BBO, ist der Beitrag des zweiten Summanden

verantwortlich:

P = ¢ [P E} sin®(wt)] . (3.3)

Unter Anwendung des Additionstheorems:

1-— 2
sin®(wt) = # (3.4)
ergibt sich die Gleichung 3.3 zu:
@_L ope_ 1 @
P\ = S E0X E§ — S E0X E§ cos(2wt). (3.5)

Durch die Anregung des Laserlichts wird sowohl die Strahlung der Grundfre-
quenz als auch solche mit der doppelten Frequenz 2w erzeugt. Die Intensitét

der Oberwelle Iy, ist dem Quadrat der Grundwelle proportional:

P2

Iy, x I? == . 3.6
QOCWA ()
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Aus der Gleichung 3.5 lésst sich erkennen, dass das Fokussieren des Laser-
lichts auf eine kleinere Flache A und die hohe Eingangsleistung P die Leistung
der Welle mit der doppelten Frequenz im Output erhoht.

3.1.5 Der Verdopplungsresonator

Das Modell "Wavetrain’ [150], das nach dem ’Delta Concept’ als Ringresona-
tor arbeitet, verdoppelt die Frequenz des aus dem Farbstofflaser austretenden
Lichtes. Abbildung 3.5 zeigt schematisch den Aufbau des Gerédtes. Das senk-
recht zum Lasertisch polarisierte Licht wird zuerst durch ein ’Fresnel Rhomb’
(FR) um 90° gedreht. Die Phasenmodulatoreinheit (PM A), welche sich aus
2 KDP - Kristallen zusammensetzt, wird durch eine Elektronik geregelt, in
dem die momentane Modulation durch eine schnelle Photodiode gemessen
und die auftretenden Fehler korrigiert werden. Die beiden Linsen L1 und
L2 sowie die beiden Spiegel BM1 und BM?2 fokussieren das modulierte La-
serlicht genau in den Verdopplungskristall X, der sich in dem deltaférmigen
Ringresonator befindet. Ein piezogelagertes Prisma PZT'| dessen Oberflichen
genau im Brewsterwinkel zum ein- und ausfallenden Laserstrahl stehen, zwei
Spiegel (Einkoppelspiegel M1 und Auskoppelspiegel M2) und der Verdopp-
lungskristall (BBO) bilden die Einheiten des Resonators. Durch das spezielle
Coating der Auskoppelspiegel des Resonators kann nur der frequenzverdop-
pelte Teil des Laserlichts austreten und wird in die Molekularstrahlapparatur

eingeleitet.
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Abbildung 3.5: Der schematische Aufbau des Frequenzverdopplers [150]

3.2 Die Molekularstrahlapparatur

Die Molekularstrahlapparatur (Abbildung 3.6) befindet sich in einem von
dem Laserlabor gesonderten Raum, damit die Vibrationen der Vakuumpum-
pen nicht auf den optischen Aufbau iibertragen werden.

Die Molekularstrahltechnik bietet gegeniiber anderen Probezufuhren folgen-
de Vorteile:

1. Die Probenmolekiile befinden sich unter fast stofsfreier Bedingung, was
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die Bestimmung der molekularen Parameter auch ohne Kenntnis des

Wechselwirkungspotenzials mit den Umgebungsmolekiilen ermoglicht.

. Es werden sehr niedrige Translations- und Rotationstemperaturen er-

reicht und vereinfachen dadurch die zu untersuchenden Spektren.

. Auferdem bilden sich unter diesen Bedingungen Addukte mit geringer

Bindungsenergie, wie zum Beispiel schwach gebundene Cluster, die so

untersucht werden konnen.

Abbildung 3.6: Schematische Ubersicht des Aufbaus der Molekularstrahlappa-

ratur
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3.2.1 Der Molekularstrahl
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Abbildung 3.7: Geschwindigkeitsverteilungen fiir den effusiven Strahl (links)
und den Uberschaldiisenstrahl (rechts)[7]

Jede Expansion durch eine Diise ins Vakuum wird Diisenstrahl (jet) genannt.
Wenn bei der Expansion ins Vakuum die mittlere freie Weglénge vy fiir Sto-
e zwischen den Molekiilen viel kleiner als der Lochdurchmesser d ist, bildet
sich ein Uberschalldiisenstrahl (supersonic jet). Unter dieser Bedingung fin-
den sehr viele Stéfte bei der Molekularstrahlausdehnung statt. Die schnellen
Molekiile iibertragen einen Teil ihrer kinetischen Energie auf die langsameren
Teilchen, was zu einer Verengerung der Geschwindigkeitsverteilung fiihrt. In
Abbildung 3.7 ist der Unterschied zu einem effusiven Strahl Ay > d, wel-
cher der Maxwell - Boltzmann - Verteilung unterliegt, wiedergegeben. Bei
dem Uberschalldiisenstrahl verschiebt sich die Geschwindigkeitsverteilung zu
hoheren Werten und ist stark eingeengt. Dies ist unter den gegebenen Mess-
bedingungen vorteilhaft, weil hierdurch eine geringere Dopplerverbreiterung

der Rotationslinien erreicht wird.
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3.2.2 Der Aufbau der Molekularstrahlapparatur

Die Abbildung 3.6 zeigt schematisch die Molekularstrahlapparatur. Das Vor-
vakuum wird durch eine Kombination aus einer Walzkolbenpumpe und zwei
Drehschieberpumpen erzeugt. Eine Oldiffusionspumpe evakuiert die Quell-
kammer, in der sich eine Probenvorlage befindet. Zwei Turbomolekularpum-
pen sorgen fiir den jeweiligen Druck bis zu 107° mbar und 107 mbar in den

beiden letzten Kammern.

Die Expansion des Molekularstrahls von der Quellkammer iiber die Puffer-
kammer zur Messkammer wird durch abnehmende Driicke von Kammer zu
Kammer realisiert. Die Kammern sind voneinander durch Skimmer getrennt,
die zur Molekularstrahlabschélung dienen. Durch diese Maknahme wird die
Dopplerverbreiterung stark reduziert, weil nur Molekiile mit geringeren Quer-
komponenten des Ausbreitungsvektors zur jeweils ndchsten Kammer durch-
gelassen werden. Der erste Skimmer, der sich 2 cm hinter der Diise befindet
und einen Durchmesser von 1 mm aufweist, schélt den grofiten Teil des aus
der Diise expandierten Gases ab. Die mittlere Kammer dient als reine Flug-
strecke, um die Quergeschwindigkeit der Molekiile am Messort noch einmal

zu reduzieren. Der zweite Skimmer weist einen Durchmesser von 3mm auf.

Durch die Stagnationsleitung werden die zu untersuchenden Substanzen von
oben eingefiillt. Ein Wellschlauch verbindet den Probentopf mit der Diise.
Probenvorlage, Diisenzuleitung und Diise legen die Richtung der Molekiil-
expansion fest und kénnen unabhéngig voneinander kontrolliert bis 340°C
geheizt werden. Dabei verdampfen die Probenmolekiile und werden mit dem

Trégergas ins Vakuum expandiert.

In der Messkammer kreuzt der Molekularstrahl horizontal das Laserlicht.
Eine Kombination aus einem Hohlspiegel und zwei plankonvexen Linsen fo-
kussiert einen Teil des Fluoreszenzlichts auf die Kathode eines Photomulti-

pliers, der senkrecht iiber den Kreuzungspunkt des Molekularstrahls und des
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Laserlichts eingebaut ist(Abbildung 3.8).

3.3 Die Experimentsteuerung und die Daten-

erfassung

Das Ausgangsignal des UV-empfindlichen Photomutipliers wird nach der
Vorverstirkung von einem Photonenzihler diskriminiert. Uber eine seriel-
le Verbindung gelangt das Signal zum Datenerfassungsrechner. Gleichzeitig
registrieren die Photodioden die UV-Leistung, das Jodabsorptionssspektrum
und das Interferometersignal mit Hilfe einer 16 Bit AD Konverterkarte. Die
Spannungssignale der drei Thermovacs und drei Penningvacs zur Messung
der Driicke in den Kammern werden iiber eine zweite AD Konverterkarte
aufgenommen.

Das Messdatenerfassungsprogramm KHiDaq, das in der Diplomarbeit von
Marcel Bohm [14] ausfiihrlich behandelt wird, ist ein Echtzeitsystem und

kann alle ihm zugewiesenen Aufgaben gleichzeitig bearbeiten.

Abbildung 3.8: Die Abbildungsoptik
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Kapitel 4

Die Auswertung der

rovibronischen Spektren

4.1 Probleme bei der manuellen Auswertung

Bis zur Einfiithrung der automatisierten Spektrenauswertung mit Hilfe der ge-
netischen Algorithmen (GA) wurden die gemessenen Spektren 'manuell’, d.h.
durch Zuordnung von einzelnen rovibronischen Ubergingen zu den entspre-
chenden Quantenzahlen, ausgewertet. Dieses Verfahren benétigt fiir die Simu-
lation des Spektrums Startparameter (wie z.B. Rotationskonstanten fiir beide
elektronische Zustinde, Ursprungsfrequenz, Ubergangsmomentorientierung,
Rotationstemperatur), die moglichst genau bekannt sein miissen, um die Er-
rechneten mit den experimentellen Daten vergleichen zu kénnen. Aus den
Mikrowellenspektren oder aus den quantenmechanischen Rechnungen, falls
vorhanden bzw. durchfithrbar, kann man die Startparameter fiir den Grund-
zustand erhalten. Fiir den angeregten Zustand existiert als experimentelle
Methode zur Ermittlung vorgenannter Parameter nur die Rotationskohérenz-
spektroskopie, deren Genauigkeit deutlich unter der der rotationsaufgelosten
elektronischen Spektroskopie liegt. Ab initio Methoden fiir angeregte Zustan-
de sind im Allgemeinen ebenfalls nicht prizise genug fiir eine Vorhersage der

Rotationskonstanten des angeregten Zustandes. Sind die Startparameter zu

7
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verschieden von den wahren Parametern, unterscheidet sich das simulierte
Spektrum gravierend von dem experimentellen Spektrum und eine Zuord-
nung von Quantenzahlen zu Ubergingen wird unméglich. Aukerdem ist es
meist nicht maoglich, 'manuell’ die Ubergéinge von groken Molekiilen oder
Clustern zuzuordnen, da ihre Banden keine einzelnen rovibronischen Uber-
ginge darstellen, sondern Uberlagerungen von vielen Einzeliibergéingen.

Aus den oben genannten Griinden erweist sich eine Automatisierung der
Auswertung mit Hilfe eines Computers als dufserst vorteilhaft. Bei der Suche
nach geeigneten Algorithmen zur Anpassung der molekularen Parameter fiel
die Wahl aufgrund verschiedener Vorteile auf die Evolutionsalgorithmen, die

im nachsten Abschnitt diskutiert werden.

4.2 Die Evolutionsalgorithmen

Um die Analysis der rotationaufgelosten Spektren zu erleichtern, wurde eine
automatische Auswertungsmethode entwickelt: die Evolutionsalgorithmen.
Diese Methode basiert auf einem allgemeinen Prinzip der Reproduktion und
der natiirlichen Selektion in der Natur. Durch die Einfithrung der Algorith-
men wird eine sehr schnelle Analyse erméglicht. Wir sprechen hier von weni-
gen Minuten fiir die Auswertung eines einzelnen Spektrums auf einem Nor-
malcomputer. Daneben gibt es einen viel bedeutenderen Grund, da die Evo-
lutionsalgorithmen auch eine Analyse erméglichen, auch wenn das Spektrum
nicht im Detail verstanden wurde oder eine Uberlappung von mehreren Spek-
tren vorliegt. Im Folgenden werden zwei unterschiedliche Umsetzungen dieser
Evolutionsalgorithmen vorgestellt: die Genetische Algorithmen(GA) und die

evolutionére Strategie(ES).

4.2.1 Die Genetischen Algorithmen

Das Modell der biologischen Evolution von Charles Darwin, das er in seinem
Buch "The Origin of Species’ [33| entwickelte, stellt die Grundidee der ge-
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netischen Algorithmen (GA) dar. Sie basiert darauf, dass sich in der Natur
die Arten durch das Prinzip der natiirlichen Selektion entwickelte, indem in
jeden Generationen den besser an ihre Umwelt angepassten Individuen eine
grofere Uberlebenschance zugeschrieben wird. Dadurch besitzen diese eine
hohere Wahrscheinlichkeit, ihre Gene an die ndchste Generation zu vererben.
Bei den GA, die in [[101] [102] und [103] detailliert beschrieben sind, werden
innerhalb vorgegebener Grenzen zufillig erzeugte Parameter bindr im Gray
- Code kodiert und ihre Kostenfunktion berechnet. Jeder binér kodierte Pa-
rameter stellt ein Gen dar. Die Gene werden in einem Vektor gesammelt,
der als Chromosom bezeichnet wird. Von diesen Chromosomen werden mit
Hilfe eines Zufallsgenerators etwa 300 bis 500 erzeugt. Die Kostenfunktion
stellt ein Maf fiir die Ubereinstimmung des mit diesen Parametern simulier-
ten Spektrums mit dem experimentellen Spektrum dar (siehe Kapitel 4.4. Die
besten Losungen werden in den Paarungspool iibernommen, in dem im néchs-
ten Schritt ein Austausch von Genen zwischen den Chromosomen stattfindet
(Crossover). Des Weiteren werden in jeder Generation mit einer gewissen
Wahrscheinlichkeit einzelne Bits der Chromosomen zufillig verédndert (Mu-
tation) ( 4.5). Die Tochtergeneration wird erneut iiber ihre Kostenfunktion
bewertet und bildet einen neuen Paarungspool. Der Prozess beginnt dann
wieder von neuem. Diese Schleife lauft solange ab bis die vorgegebene Kon-
vergenzkriterien erreicht werden [Abbildung 4.1]. Um zu verhindern, dass
durch den Paarungsprozess oder durch Mutation Individuen entstehen, die
auferhalb der Grenzwerte liegen, wird im Falle des Auftretens eines solchen
Ereignisses einer Spiegelung der Werte in den zuléssigen Parameterraum vor-

genommen.

4.2.2 Die derandomized -evolutionire Strategie [(ES) —
DR2]

Bei der evolutionéren Strategie startet man mit einen oder mehreren Mutter-
chromosomen. Durch die Anwendung eines zufélligen Mutationsvektors auf

ein Mutterchromosom entsteht ein neues Individuum. Etwa 200 Individuen
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werden auf dieser Weise erzeugt. Die Kostenfunktionen werden sowohl auf
die Eltern- als auch auf die Kinderchromosomen angewendet. Die Individuen
mit der besten Kostenfunktion reprisentieren die Eltern der néchsten Ge-
neration. Der derandomited-DR2 bewirkt, dass die Mutationsvektoren, die
auf einem Elternset angewendet wurden, fiir ein paar weitere Generationen
gespeichert werden. Im Gegensatz zu den genetischen Algorithmen kann die-
se Strategie die Richtung der besten Losung merken und somit das globale

Minimum schneller finden.

4.2.3 Covariance Matrix Adaptation Evolution [CMA—
ES|] Strategie

Noch mehr Vorteile bietet die CMA-ES Strategie(Covariance Matrix Adap-
tation Evolution Strategy). Der Unterschied zu dem DR2 besteht in einem
anderen Mutationsvektor fiir die Erzeugung der néchsten Elterngeneration.
Bei dieser Strategie wird die ganze Kovarianzmatrix zu jedem Parameter

angepasst.

4.3 Die Eingabedatei

Die Anfangspopulation, die den ersten Paarungspool bildet, wird durch zu-
falliges Aussuchen von Losungsmoglichkeiten fiir das Problem erzeugt.

Die Individuen der Ausgangspopulation erzeugt man aus einem entsprechen-
den Satz Zufallszahlen unter Verwendung von Algorithmen, die die gesetzten
Randbedingungen beriicksichtigen. Aus diesem Grund handelt es sich bei
diesen Werten nicht um echte, sondern um determinierte Zufallszahlen.

Die Anzahl der Generationen und der Individuen der Population kénnen un-
abhéngig voneinander festgelegt werden, wobei letztere fiir die Haufigkeit
der Rekombination der Chromosomen ausschlaggebend ist. Eine zu kleine
Anzahl der Generationen bzw. eine zu geringere Populationsgrofte verhindert

eine genaue Ermittlung der Parameter im Parameterraum, wihrend zu grofse
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Werte die Rechenzeit exponentiell vergrofiern.

Die Tabelle 4.1 zeigt die Erklarung der Parameter. Aus dem Typ des Spek-
trums kann die Information iiber die Lage des Ubergangsdipolmoments ge-
wonnen werden. Je nachdem wie diese zu der molekiilfesten Achse liegen,
kann zwischen a-, b-, c-, ab-, ac-, bc- oder abc - Typ gewéhlt werden. Die
Voigt - Linienform stammt aus der Kombination zwischen einer Gaufverbrei-
terung, die durch Dopplerverbreiterung des Uberschallstrahls entsteht, und
einer Lorentz-Verbreiterung, die aus der begrenzten Lebensdauer des ange-
regten Zustandes des Molekiils resultierten. Es empfiehlt sich, am Anfang
die Gauf- und die Lorentz-Verbreiterung als Konstante zu nehmen, deren
Wert etwa der experimentell beobachtbaren Verbreiterung des Ubergangs
entspricht, und sie erst wenn alle anderen Parameter gefittet sind, zu variie-
ren. Der maximal besetzte Rotationszustand wird zu Beginn berechnet und
kann auch unter dem tatsdchlichen Wert gewahlt werden, um die Rechenzeit
zu verkiirzen. Dies ist aber nur bei zu starker Streuung der Ergebnisse, und
wenn die groferen Rotationszustdnde fiir das Spektrum irrelevant sind, zu
empfehlen.

Die Wertebereiche sowohl fiir die drei Rotationskonstanten als auch fiir deren
Anderung bei der elektronischen Anregung konnen in der Eingabedatei fest-
gelegt werden. Unter anderem enthélt die Eingabedatei zwei weitere wichtige
Parameter, die Winkel 6 und ¢, welche die Lage des Ubergangsdipolmomen-
tes angeben.

Die relative Ursprungfrequenz kann meist aus dem experimentellen Spektrum

ermittelt werden.
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Eingabedatei
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Abbildung 4.1: Schematischer Ablauf der Genetischen Algorithmen
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Eingabe

Bedeutung

type of spectrum=abc
lineshape=Voigt

maximum J value=120

random seeds=>50

nr generations=300
population size=5

parameter= 1, 2 oder 3

(A" B" oderC")

parameter—= 82 und 83 (0
und @)

parameter= 90 (T1)

parameter= 95 (Delta Lor-
entz)

parameter= 96  (Delta

Gauf)
parameter— 100 (Nu_0)

parameter= 101, 102 und
103

(AA, AB und AC)

Typ des Spektrums
Art der Linienform
Maximal besetzter

Rotationszustand

Zufallszahl zur Erzeugung der ersten
Generation

Anzahl der Generationen
Grofse der Population

Rotationskonstanten des Grundzustan-
des

Winkel des Ubergangsmoments

mit den Haupttragheitsachsen
Definition der Temperatur

Grofse der Lorentzverbreiterung
Grofe der Gaufsverbreiterung

Ursprungsfrequenz

AX = X' — X" mit X= A, B oder C

Tabelle 4.1: Definition der Parameter der GA-Eingabedatei
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4.4 Die Kostenfunktion

Die durch Zufallskreuzungen entstehenden Losungen (Chromosomen) werden
mit der fiir das Optimierungsproblem angepassten Kostenfunktion bewertet.
Ein optimierter Zyklus mit seinen zugehorigen Kostenfunktionen bildet eine
Generation. Die Kostenfunktion CY, steht mit der Fitnessfunktion F}, in

folgender Beziehung;:
Cry = 100(1 — Fyy). (4.1)

Die Fitnessfunktion fiir das gefittete Spektrum wurde von Hageman et al.
[65] definiert als:

N
Fiy=cosa = ||<fﬁ|7|L|q)|| = Z = iWisg; = (4.2)
g 1,j \/Zi,j fin'jfj\/Zm giVVijfj
mit
(f.9) = "Wy, (4.3)
worin
f das experimentelle Spektrum
g das berechnete Spektrum
i,] die Ordinatenlaufindices und
Wi =w(|j —1|) die Empfindlichkeit der zwei Spektren zueinander

bedeutet. Ferner gilt:

_1-Ji—l

fur:

1
il < 30w (4.5)
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sonst ist:

Fiir w(r) benutzt man eine Dreieckfunktion mit einer Basisbreite Aw, die

wie folgt definiert ist:

1—|r| /i Aw fir|r] < 1Aw,
wipy {1/ g <

0 andererseits.

Aus dem Chromosom wird zuerst ein Linienspektrum Lj; berechnet, aus dem
man durch Multiplikation mit der Verbreiterungsfunktion s; zum berechne-

ten Spektrum g;; kommt. Es gilt:
N
8ij = Z Ljis, = Ls. (4.7)
k=1

Unter dem Gleichsetzen von g;; = Ls und f: fYW L andert sich die Glei-
chung 4.3 zu 4.7.

(f.9) = f"WLs=fs (4.8)
mit:
f=f"wL (4.9)

Um die Rechenzeit der Kreuzkorrelation (Gleichung 4.2) zu reduzieren sind

mehrere Methoden gebrauchlich:

1. Man lésst die Gleichung 4.6 mit dem einmalig berechneten transfor-
mierten Strichspektrum tiber alle N Punkte (also einzelnen Messwer-
ten) des Spektrums laufen ( N ~ 60000 — 250000;wéhrend die Anzahl
der Striche ~ 1000 — 3000 betrégt).

2. Der Zahler der Gleichung 4.2 wird nur einmal berechnet.
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3. Der Benutzer legt in seinem Input den maximal besetzen Rotations-
zustand (Jmax) fest. Der tatséchliche Wert fiir Jmax wird zu Beginn
des Fits ermittelt und, falls diese Wert von den festgelegten abweicht,

gegenbenenfalls nach unten, niemals jedoch nach oben korrigiert.

4.5 Selektion, Reproduktion und Mutation

Nach der Bewertung mit der Kostenfunktion wird eine Rangliste der Chromo-
somen erstellt, aus der die besten Losungen den so genannten Paarungspool
bilden. Hierbei werden immer 2 Individuen miteinander gepaart und ihre Ge-
ne ausgetauscht.

Fiir die Auswahl der Paare innerhalb des Paarungspools sind folgende Mo-

delle géngig:

1. Top to Bottom: In der Reihe der besten Chromosomen werden immer 2
nebeneinander stehende Spezies miteinander gepaart d.h. (1,2); (3,4);
(5,6) ...

2. Zufallspaarung: Die Paare werden durch Zufall ausgesucht: (1,8); (2,6);

3. gewichtete Zufallspaarung: gute Chromosomen haben grofere Chancen,

sich mit einem anderen guten Individuum zu paaren.

Die Paarung geschieht durch Crossover von zwei Chromosomen zwischen den
Genen. Es gibt drei verschiedene Mdoglichkeiten, die Gene der zwei ausgesuch-
ten Chromosomen miteinander zu kombinieren. Diese sind in der Tabelle 4.2
ausgefiihrt. Bei dem One-Point Crossover werden die Bitwerte der zwei Mut-
terchomosomen einfach ab einer bestimmten, definierten Stelle getauscht.
Diese Rekombination rechnet sich sehr schnell und einfach, erweist sich je-
doch als unpraktisch, da sie nur begrenzte Kombinationen produziert. Besser
ist das Two-Point Crossover, bei dem die Bitwerte zwischen zwei Stellen aus-
getauscht werden. Dies ermdglicht alle Kombinationen und wird vorwiegend

verwendet. Die dritte Moglichkeit ist das Uniform-Crossover, das eine beliebi-
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ge Anzahl der Austauschstellen zulésst. Fiir die aktuelle Anwendung machen

zu lange Rechenzeiten diese Methode jedoch unbrauchbar.

Beim Durchsuchen des Parameterraums kénnte der Algorithmus in ein loka-
les Minimum laufen. Um dies zu verhindern, wird mit einer geringen Wahr-
scheinlichkeit die Mutation der Chromosomen durch zufilligen Bitaustausch
zugelassen. Dabei entsteht ein neues Chromosom, das nicht durch Crosso-
ver aus zwei Elternchromosomen entstanden sein kann. Um zu verhindern,
dass 'gute’ Gene verlorengehen, schliefst man das oder die besten Individuen
jedoch von diesem Vorgang aus (Elitismus). Die Anderungsrate fiir die ande-
ren Chromosomen wird typischerweise zwischen 1 % und 5 % festgelegt. Die

Mutationen vergrofert die Chance, das globale Minimum herauszufinden.
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Crossover | Beispiel

One-Point 1010010001
0101001100

Two-Point | 1 01001000 1

0101001100

Uniform 101001000 1

Tabelle 4.2: Moglichkeit des Crossover
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5.1 1,4-Benzodioxan
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Rotationally Resolved Electronic Spectroscopy of
1,4-Benzodioxan: The Anomeric Effect in the Ground and

Electronically Excited State

Thi Bao Chau Vu,™ Christian Brand,’® W. Leo Meerts,”™ and Michael Schmitt*®

We measured the rotationally resolved electronic spectra of
the origin and of three vibronic bands of 1,4-benzodioxan.
From comparison to various ab-initio-calculated structures of
1,4-benzodioxan, the twisted C, symmetric 1,4-benzodioxan
was shown to be responsible for all the observed spectral fea-
tures. We analyzed the inertial defects in both electronic states
as sensitive indicators of the non-planarity of the system. The

1. Introduction

1,4-Benzodioxan (BZD) is a flexible molecule, which is formally
derived from ortho-di-substituted benzenes, the ortho posi-
tions being bridged by an —O—(CH,),—O— group. Benzene-
fused oxygen-containing compounds are of considerable inter-
est as biomolecular building blocks. Most of what we currently
know about structure and large-amplitude motions of BZD
comes from the groups of Hollas/Gordon" and Laane.”™

There is a vast literature on the importance of the anomeric
effect for the stabilization of the puckered forms of 1,3-dioxole
or 1,3-benzodioxole.® ' In these molecules the n,—o*c, inter-
action involving the nonbonding lone pair with p-character at
one oxygen atom and the antibonding o*¢, orbital of the adja-
cent CO bond have been shown to contribute most of the sta-
bilization energy of the puckered form.® A smaller but hitherto
important stabilizing contribution comes from the n,—o*q, in-
teraction with the antibonding CH orbital.*'” In the 1,4-benzo-
dioxan molecule chosen herein, no adjacent CO bond exists;
thus, the most important stabilizing contribution in 1,3-benzo-
dioxole is impossible here. Instead, it is the n,—o*., interac-
tion which stabilizes the puckered form. This hypothesis can
be tested by comparing the extent of the anomeric effect in
the ground and electronically excited states. If the electron
density is shifted from the oxygen lone pair into the aromatic
ring upon electronic excitation, the anomeric effect due to the
n,—0*qy interaction will decrease in the excited state. This
effect can be measured via the amount of non-planarity of
BZD in both electronic states.

Gordon and Hollas measured the rotational band contour of
the 281 nm mt* band system of BZD." From symmetry consid-
erations, they determined this system to be due to a A—A
transition, as expected for o-disubstituted benzenes with G,
symmetry. From a small inertial defect they deduced a twisted
conformation in both electronic states, and the electronic
origin v, was determined to be at 35562.48 cm™'. The same
group presented single vibronic level fluorescence (SVLF) spec-
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molecule was found to be more planar in the electronic
ground state than in the electronically excited singlet state.
This effect can be traced back to an increased puckering of the
dioxan ring, which also comprises the oxygen atoms, in the ex-
cited state. This observation is discussed in terms of natural
bond orbitals.

tra of various in-plane and out-of-plane bands.”?> Many modes
show a strong Duschinsky effect. Using single vibronic level
fluorescence and fluorescence excitation (FE) spectroscopy, the
modes with the strongest Duschinsky effect were identified as
the bending modes v,; and v,;, the latter being also very an-
harmonic.”? A very thorough study was performed by Gordon
and Hollas, in which a combination of fluorescence excitation
and single vibronic level fluorescence was utilized to assign
the ground- and excited-state fundamentals of BZD."

Choo et al. made an assignment of the vibrational spectrum
of BZD on the basis of density functional theory using Becke's
three-parameter hybrid (B3LYP) method."” They calculated the
energy difference of twisted and bent structures to be
7.5 kcalmole ™', the latter being a transition state for the inter-
conversion of two twisted forms.

FE and SVLF spectra for several vibronic states were record-
ed and analyzed by Yang et al.”) They calculated a barrier to
planarity for the twisted structure at the MP2 level of
4095 cm™'. The experimentally determined frequencies of the
ring-twisting states were used for a two-dimensional fit of the
barrier, including the bending modes. In this model, barriers
for the S, state of 3906 cm ™' and for the S, state of 1744 cm™'
were obtained. The structures and frequencies for the two
lowest singlet states and the lowest triplet state were reported
from a density functional analysis by Yang et al.®!
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2. Theory

2.1. Ab initio Calculations

Structure optimizations were performed employing the corre-
lation-consistent basis sets of valence triple zeta quality of
Dunning (cc-pVTZ) from the TURBOMOLE library.">" The equi-
librium geometries of the electronic ground and the lowest ex-
cited singlet states were optimized using the approximate cou-
pled cluster singles and doubles model (CC2) employing the
resolution-of-the-identity approximation (RI)."*'¢

Ground- and excited-state energies, dipole moments, and
transition dipole moments were calculated using the com-
bined density functional theory multi-reference configuration
interaction (DFT/MRCI) method"” with the same basis sets as
that used for the structure optimizations. The configuration
state functions (CSFs) in the MRCI expansion are constructed
from Kohn-Sham (KS) orbitals, optimized for the dominant
closed-shell determinant of the electronic ground state em-
ploying the BH-LYP functional."®' All valence electrons were
correlated in the MRCI runs. The lowest five roots in the singlet
manifold were calculated. The initial set of CSFs was generated
from all single and double excitations out of the five highest
occupied molecular orbitals in the KS determinant into the five
lowest virtual orbitals and was then iteratively improved. The
size of the MRCI expansion was kept moderate by selection of
the most important configurations, based on an energy gap
criterion,"” leading to 31399 configurations with which the
calculations where performed.

Additionally, a natural bond orbital analysis using the
NBO 3.1 program,”” implemented in the Gaussian 03 program
package (Revision C.02)?" was performed using the wavefunc-
tions from a (TD) B3LYP-optimized structure using Dunnings
cc-pVTZ basis set.

2.2. Evolution Strategies

The rovibronic spectra were fit to an asymmetric rotor Hamilto-
nian® by using the de-randomized (DR) evolution strategy
(ES) developed by Ostenmeier et al.?®! A special implementa-
tion which we have employed herein represents the second
generation of de-randomized ES, abbreviated as DR2.2* It was
recently shown®' to be a very good alternative to the genetic
algorithm-based fits we have employed so far.?® Evolutionary
strategies such as the DR2 algorithm are global optimizers
which are inspired by the biological processes of reproduction
and natural selection. While classical genetic algorithms aim to
find a solution in the parameter space by randomly combining
information from a set of trial solutions, the DR2 algorithm can
sense in which direction the goodness of the fit (the so-called
cost function) increases. In the first step, the DR2 algorithm
generates trial solutions (offspring) by using a random distribu-
tion around some starting point (parent), each consisting of
the complete parameter set which is necessary to simulate the
spectrum. Offspring with higher fitness than the parent are
kept and used to compute the next generation. The DR2 algo-
rithm makes use of the parameter correlation matrix for suc-
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cessive changes in the parents (mutations). This means that if
for some parameter a parent has evolved in the same direction
for several generations, resulting in a positive correlation, the
most likely solution is assumed to be further in that direction
and the next parameter mutation will be larger. Correspond-
ingly, two anticorrelated mutations will lead to a smaller muta-
tion. Compared to classical genetic algorithms, this procedure
has been shown to lead to a faster convergence of the param-
eters.”

Experimental Section

1,4-Benzodioxan (purity > 97 %) was purchased from Sigma Aldrich
and used without further purification.

The experimental setup for the rotationally resolved laser-induced
fluorescence is described in detail elsewhere.?” Briefly, the laser
system consisted of a single-frequency ring dye laser (Sirah Matisse
DS) operated with Rhodamine 110, pumped with 7 W of a frequen-
cy-doubled continuous wave (cw) Nd:YAG laser (Spectra Physics,
Millenium X). The dye laser output was coupled to an external
folded ring cavity (Spectra Physics Wavetrain) for second-harmonic
generation. The resulting output power was constant at about
25 mW during each experiment. The molecular beam was formed
by co-expanding 1,4-benzodioxan heated to 120°C and Ar as carri-
er gas through a 200 um nozzle into the vacuum. The molecular
beam machine consisted of three differentially pumped vacuum
chambers that were linearly connected by skimmers (1 mm and
3 mm, respectively) to reduce the Doppler width to 18 MHz in this
setup (full-width-at-half-maximum, FWHM). In the third chamber,
360 mm downstream of the nozzle, the molecular beam crossed
the laser beam at a right angle. The imaging optics setup consistd
of a concave mirror and two plano-convex lenses to collect the re-
sulting fluorescence onto a photomultiplier tube which was
mounted perpendicular to the plane defined by the laser and the
molecular beam. The signal output was then discriminated and
digitized by a photon counter and transmitted to a PC for data re-
cording and processing. The relative frequency was determined
with a quasi-confocal Fabry-Perot interferometer with a free spec-
tral range (FSR) of 149,9434(56) MHz. The absolute frequency was
obtained by comparing the recorded iodine absorption spectrum
with tabulated lines.

3. Results and Discussion
3.1. Quantum Chemical Calculations
3.1.1. The Electronic Ground State

We calculated three structures with different symmetries
[planar (C,,), boat (C,), and twist (C,)], which can be assumed
to be the minimum structure using CC2-coupled cluster theory
with the correlation consistent cc-pVTZ basis set. Table 1 com-
pares the structural parameters (rotational constants and iner-
tial defect) and the relative energies of the three structures.
The inertial defect is defined as Al=I.—I,—I,, where the |, are
the moments of inertia about the principal inertial axes g. For
a planar molecule, it is zero and negative for nonplanar mole-
cules. Vibrational effects actually cause the inertial defects of
perfectly planar molecules to deviate slightly from zero. Al
thus provides a measure for the non-planarity of a molecule.

ChemPhysChem 0000, 00, 1-8
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Table 1. CC2/cc-pVTZ-calculated relative energies, rotational constants
(A,B,Q), inertial defects (Al), and center frequency of absorption (v,) of
three different stationary points on the potential energy surface of 1,4-
benzodioxan in their electronic ground (doubly primed quantities) and
first excited (primed quantities) singlet state.
Twisted (C,) Boat (C,) Planar (G,,)
Eolem™] 0 2837 4085
A" [MHz] 2914.9 2859.7 2893.6
B" [MHz] 1237.8 12414 1206.7
C" [MHz] 892.2 904.8 860.7
Al" [uA?] —15.22 —25.28 —6.29
Vo [em™] 36114 36083 35785
A" [MHZ] 28155 2836.6 2795.0
B’ [MHZ] 1232.1 1216.9 1204.0
C' [MHz] 881.3 872.2 850.4
Al' [uA?] —16.20 —14.03 —6.27
AA [MHz] —99.4 —23.1 —98.6
AB [MHz] —57 —245 —-27
AC [MHz] —-10.9 —32.6 —10.3

All three structures exhibit sufficiently different rotational con-
stants to make a straightforward assignment to the experimen-
tally observed form, from a comparison to the experimental ro-
tational constants. Especially the inertial defects Al, which give
a direct measure for the degree
of non-planarity, make the as-
signment to the twist form

very good agreement with the experimentally determined
values for the twisted form.

3.1.2. The Lowest Excited Singlet States

The structures of the two lowest excited singlet states of the
twisted, boat, and planar forms of BZD were optimized at the
CC2/cc-pVTZ level of theory. The barrier for interconversion of
the two enantiomeric twisted forms over the boat transition
state amounts to 3930 cm™', slightly lower than in the elec-
tronic ground state. The difference to the second-order transi-
tions state (the planar form) is calculated to be 2768 cm™', also
slightly lower than the value for the S, state.

Vertical and adiabatic excitation energies and transition
dipole moments of the lowest four electronic singlet states of
BZD were calculated at the CC2 level and using DFT/MRCI. The
results are compiled in Table 2. The lowest electronically excit-
ed singlet state is polarized along the long (a) inertial axis and
must therefore be classified as 'L, state in the nomenclature of
Platt.?® The excitation is mainly from HOMO to LUMO (17b-
18b) and to a lesser extent from HOMO-1 to LUMO+1 (19a-
20a), see Figure 2. The second excited singlet state is polarized
along the baxis and therefore represents the 'L, state. It is
mainly a HOMO-LUMO + 1 excitation (17b-20a).Two more ex-

straightforward.

Table 2. Calculated vertical and adiabatic singlet excitation energies AE [cm '] and transition dipole moment
orientations of BZD. The parameter 6 describes the in-plane angle of the TDM with the inertial a axis. All the

The three structures are
shown in Figure 1. The lowest adiabatic excitation energies are zero-point-energy-corrected at the CC2/cc-pVTZ level of theory.
energy structure is the twist Ly—S, ) LS, 0 By—S, 0 B,—S, 0
form. The boat form is higher in vert. adiab. vert. adiab. vert. adiab. vert. adiab.
energy, by 2837cm’, and the |cc2 38975 36114 0 47108 43339 90 52705 48149 90 52541 49884 0
planar BZD by 4085 cm™". The DFT/MRCI 38245 36050 O 47300 4444 90 53237 50055 90 53369 48880 O
boat form is a first-order saddle | ExP- 35560 6

point connecting the two enan-

tiomeric twist forms. The planar

form represents a second-order

saddle point connecting two identical boat forms via the first
motion with imaginary frequency and two identical twist
forms via the second motion with imaginary frequency.

A comparison of the rotational constants and the inertial de-
fects with the experimental values from Table 3 immediately
shows that the twisted structure is responsible for all the fea-
tures observed in the fluorescence spectra. Also, the changes
in the rotational constants upon electronic excitation are in

Planar

Boat

Figure 1. Structures of the three lowest energy structures of BZD: planar
(G,,), boat (C,), and twisted (C,), along with the atomic numbering.

ChemPhysChem 0000, 00, 1-8

Table 3. Molecular constants of the origin and three vibration bands of

1,4-benzodioxan obtained from ES-DR2 fits to the experimental spectra.
Origin 25" 48, 18,

A" [MHz] 2920.0(4) 2920.1(1) 2919.8(5) 2919.3(3)

B’ [MHz] 1235.22(1) 1235.26(2) 1235.43(3) 1235.34(4)

C" [MHz] 891.05(1) 891.04(1) 891.08(2) 891.21(2)

Al" [uA?] —15.0405 —15.0524 —14.8993 —15.1338

AA [MHz] —92.81(1) —92.82(1) —102.04(1) —93.06(2)

AB [MHZ] —6.69(1) —6.71(1) —3.35(1) —7.01(2)

AC [MHz] —9.68(1) —9.68(1) —7.14(1) —9.15(2)

Al' [uA?] —16.7226 —16.7362 —17.7377 —17.2907

0 [degree] 6(1) 18(1) 19(1) 2(2)

¢ [degree]  87(1) 86(1) 87(1) 86(2)

7 [ns] 6.2(1) 6.8(1) 6.3(1) 6.2(1)

T, 1.55 1.85 1.50 1.50

T, 295 345 4.96 2.77

w 0.3 0.12 0.13 0.17

U 0.98 0.98 0.92 1.00

1y 0.02 0.02 0.08 0.00

u, 0.00 0.00 0.00 0.00

ve [em™] 35560.15(2) 35699.33(2) 35718.72(2) 36262.06(2)

Av [cm™'] 0 139.18(2) 158.57(2) 701.91(2)
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Figure 2. Frontier orbitals of the twisted form of BZD at the CC2/cc-pVTZ
level of theory.

cited singlet states have been calculated, namely, the 'B, and
the 'B, states. The first of these is classified as HOMO-2 to
LUMO+1 (18a-20a), the next as HOMO to LUMO+1 (17b-
20a). The purely electronic 'B, and 'B, states are quasi-degen-
erate at the DFT/MRCI level of theory; inclusion of zero-point
energy brings the 'B, state slightly below the 'B, state. Oscilla-
tor strengths () of 0.0207, 0.0023, 0.7571, and 0.4743 are
found for the 'L,, 'L,, 'B,, and 'B, states, respectively.

Regarding the large energy gap of more than 8000 cm™' be-
tween the 'L, and the 'L, state and the small oscillator strength
of the latter, no vibronic coupling between vibronic bands of
the 'L, state and the origin of the 'L, state is expected.

3.2. The vibrational and Vibronic Spectrum of BZD

The vibrational and vibronic spectra of the twisted form of
BZD were calculated at the CC2/cc-pVTZ level of theory.
Twenty-five of the 48 vibrations in the C, point group trans-
form like the totally symmetric representation a, and 23 vibra-
tions like the nontotally symmetric representation b. The
lowest electronically excited state has its transition dipole
moment oriented along the molecular a axis. The transition
dipole moment transforms like A along the inertial a axis and
like B along the b and c axes. The pure electronic (mt*) transi-
tion is therefore classified as A«—A. Thus, the totally symmetric
vibrational (and vibronic) bands will exhibit A-type selections
rules, while the nontotally symmetric vibrations will be BC
hybrid bands.

The calculated ground-state vibrations are given by ascend-
ing frequencies in Table S1 of the Supporting Information. The
calculated frequencies are compared to experimental vibra-
tional frequencies from ref.[11]. The following columns give
the calculated and experimental vibrational frequencies in the
first electronically excited state of A symmetry. In order to
make the assignment of excited-state to ground-state vibra-
tions, we calculated the Duchinsky matrix from the hessians of
both electronic states. The normal coordinates Q' of the excit-
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ed state and Q" of the ground state are related by the linear

orthogonal transformation given by Duchinsky [Eq. (1127

Q' =5sQ +d (1

where d is a displacement vector and S is the Duchinsky
matrix, which rotates the coordinate system of one state into
that of the other state. The largest elements of the complete
Duchinsky matrix is given in the last column in Table S1 of the
Supporting Information. The lowest nontotally symmetric vi-
brations Q,s and Q,, are strongly Duschinsky-mixed, with
nearly equal coefficients for both vibrations. This behavior has
been inferred by Gordon and Hollas® from the massive occur-
rence of cross-sequences of the form 485479. While in the low-
frequency region strong Duchinsky mixing is found, there is
only very little mixing above 500 cm™" and the vibrations
retain their identities upon electronic excitation.

3.3. Rotationally Resolved Electronic Spectra
3.3.1. The Electronic Origin

We measured the rotationally resolved electronic spectrum of
the electronic origin of BZD in a molecular beam (cf. Figure 3).
For the simulation of the rovibronic spectra a rigid asymmetric

Experiment
Simulation
T T T
- 00 0 10000 200
Experiment
T
Simulation
T
5000 10000 15000

rel. frequency/ MHz

Figure 3. Rotationally resolved electronic spectrum of the electronic origin
of BZD. The second trace shows the simulation using the best parameters
from Table 3. The lowest traces show zoomed-in parts of the experimental
spectrum and the simulation.

rotor Hamiltonian was employed.”” The origin spectrum was
fitted to the rotational constants A, B, and C in both electronic
states, to the center frequency v, to the orientation of the
transition dipole moment with respect to the inertial axes mea-
sured by the polar angles 6 and ¢, the rotational temperature
in the jet and a Lorentz and Doppler width, for the lineshape
profile using an evolutionary strategy approach. The tempera-
ture dependence of the intensity is described by a two-tem-
perature model [Eq. (2)]:

n(E7 Th T27 W) = e—E/kﬂ + Weif/krz (2)

ChemPhysChem 0000, 00, 1-8
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where E is the energy of the lower state, k is the Boltzmann
constant, w is a weighting factor, T, and T, are the two temper-
atures.®” For details of the evolution strategy see Section 2.2.

The molecular parameters from the fit are collected in
Table 3. A comparison of the rotational constants and inertial
defects of the three BZD structures from Table 1 with the ex-
perimental values immediately shows that the observed spec-
trum is due to the twisted form.

The electronic transition moment is oriented along the
(long) inertial a axis. According to Platt’'s nomenclature, this is
the signature of the 'L, state, which has the transition moment
vector running through the bonds, while that of the 'L, state
runs through the atoms.

The change of the inertial defect from —15.04 to —16.72 uA?
shows that the BZD molecule gets considerably more nonpla-
nar upon electronic excitation. This is exactly the trend which
is obtained from the CC2 calculations described in Section 3.1
for the twisted from (increase of Al from —15.22 to
—16.20 uA?). Also, the structurally similar 1,3-benzodioxole
(BDO), which has been recently investigated in the Pratt®" and
the Laane groups,® shows a larger inertial defect in the elec-
tronically excited state. There, the increasing non-planarity was
attributed to the ability of the p-type lone pair (LP) at the
oxygen atom to either conjugate with the m electrons of the
benzene ring or interact with the ¢” orbital of the adjacent CO
and the axial CH bonds. This inverse hyperconjugation (the
anomeric effect) is strongly stabilizing and leads to a puckering
of the five-membered ring. In the excited state, the weaker in-
teraction of the LP with the aromatic ring leads to an increased
anomeric effect and to a stronger non-planarity of the system
as has been discussed by Thomas et al.?"”

For BZD, the only possible anomeric interaction is between
the oxygen lone pairs (donor) and the the o orbitals of the ad-
jacent axial CH bonds (acceptor). The importance of the stabi-
lizing anomeric effect in this molecule can be established from
the ab initio calculations in various ways: First, from the CC2
calculations we learn that the C—H bond lengths of the axial
H atoms of the bridging CH, groups are larger than the equa-
torial ones (1.0936 A vs. 1.0878 A) as a consequence of the
71(0,p)—0 (C—H,,) interaction. Secondly, an NBO analysis using
the B3-LYP/cc-pVTZ-optimized structure shows a larger Wiberg
bond order between the oxygen atom and the axial H atom
(0.0215) compared to the equatorial H atom (0.0041). The sta-
bilization energy from a charge transfer from the oxygen LP
with 100% p-character to the o° CH bond [0.6(sp®)~-0.8(s),)]
amounts to 29.6 kJmole™'. Figure 4 shows the two natural
bond orbitals that are responsible for the interaction which
stabilizes the puckered form. On the left-hand side of Figure 4,
the p-type oxygen lone pair is shown and on the right-hand

Figure 4. Side view of the p-type oxygen lone pair (left) and the antibonding
o orbital of the adjacent BCH,D group (right) in ground-state BZD.
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side the antibonding o orbital of the adjacent CH, group as
obtained from the NBO analysis.

Upon electronic excitation, the electron density is shifted
from the oxygen lone pair to the aromatic ring, such as in the
case of phenol®¥ (cf. also Figure 2). This effect is also quanti-
fied through the ab initio calculations: The Wiberg bond order
(NBO) index between the oxygen atom and the axial H atom
decreases upon electronic excitation from 0.0215 to 0.0204,
while the bond order between the oxygen and the adjacent
ring carbon atom increases from 0.9781 to 0.9871. The charge-
transfer stabilization from the oxygen lone pair to the anti-
bonding ¢ CH bond is smaller (28.4 kimole™') than in the
electronic ground state. Thus, it can be inferred from the calcu-
lations that the explication given in refs.[8,31] for the in-
creased non-planarity upon electronic excitation in BDO does
not apply for BZD.

Comparison of the ground- and excited-state structures of
BZD reveals an important detail: While the O atoms in ground-
state BZD are situated in the plane of the aromatic ring (upper
trace in Figure 5), they are slightly out-of-plane in the excited

Figure 5. Side view of the ground-state structure (upper trace) and of two
different side views of the lowest excited singlet state.

state. The 0,0,,C,C; dihedral angle from the CC2 calculations
is 0.5° in the ground state and 5° in the excited state. The
lower two traces of Figure 5 give two different side views of
excited-state BZD: the first projection shows that one of the
O atoms is located above the aromatic ring, the other below.
The second projection places the two O atoms in the line of
view. In this perspective, it can be seen that the heterocyclic
six-ring adopts a half-chair configuration as found for the non-
aromatic analogue 2,3-dihydro-1,4-dioxin.®? Since electronic
excitation reduces the bond orders in the aromatic ring due to
the mrt” excitation, the forced co-planarity of the aromatic ring
and the oxygen atoms in the electronic ground state is re-
leased in favor of the sterically more stable nonplanar form.

3.3.2. Higher Vibronic Bands

Figure 6 shows the rotationally resolved spectrum of the A vi-
bration Q,s at 0,0+ 139 cm™". The parameters from the best fit
are compiled in Table 3. The band is a pure a-type band, such
as the electronic origin. This is what can be expected for the
vibrations with A-symmetry. The change of the inertial defect
upon electronic excitation nearly matches the one of the elec-

www.chemphyschem.org
These are not the final page numbers! 77



PHYS

Experiment

T T T

Simulation

720‘000 ~10000 i 20000
Experiment I——

Simulation

-20000 -10000

-15000
rel. frequency/MHz

Figure 6. Rotationally resolved electronic spectrum of the 139 cm ™' band of
BZD. The second trace shows the simulation using the best parameters from
Table 3. The lowest traces show zoomed-in parts of the experimental spec-
trum and the simulation.

tronic origin, thus giving further evidence for the assignment
of this band as being of A symmetry.

Figure S1 of the Supporting Information shows the rotation-
ally resolved spectrum of the first overtone of the B vibration
Qs at 0,04 159 cm ™. The parameters from the best fit are also
compiled in Table 3. The overtone of this B vibration is also of
A symmetry as the electronic origin, and shows consequently
an a-type contour. For this band a considerably larger change
of the inertial defect upon electronic excitation is found than
for the origin and the 0,0+ 139 cm ™' bands.

The rotationally resolved spectrum of the A vibration Q4 at
0,0+702 cm™" is shown in Figure S2 of the Supporting Infor-
mation. The parameters from the best fit are compiled in
Table 3. This band was previously assigned as Q,;. As a result
of our normal-mode and Duchinsky analysis we reassign this
band as being due to Q.

The excited-state lifetimes of the electronic origin and of all
the vibronic bands investigated herein were determined from
the Lorentz contribution of the Voigt profiles of the rovibronic
lines. They are remarkably similar, around 6.5 ns.

4. Conclusions

The rotationally resolved electronic spectra of BZD have shown
that this molecule exists in the twisted form in both electronic
states. The main factor for the stabilization of the twisted form
is the steric repulsion of the adjacent CH, groups. The non-pla-
narity of BZD in both states has been measured through the
inertial defect. It is shown that BZD is more planar in the elec-
tronic ground state than in the electronically excited state. The
reason for the larger non-planarity of the system is the re-
duced C—C bond order in the aromatic ring upon electronic
nm” excitation. The O atoms, whose p-type lone pairs can be
partially delocalized into the aromatic ring, adopt a structure
with less steric strain in the excited state and therefore leave
the aromatic plane, thereby leading to a larger inertial defect.
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The structure of 1,4-benzodioxan is
studied in the ground and first electron-
ically excited singlet state using rota-
tionally resolved electronic spectroscopy
(see figure). The molecule is found to
be more planar in the electronic ground
state than in the electronically excited
singlet state. This can be traced back to
an increased puckering of the dioxan
ring—which also comprises the oxygen
atoms—in the excited state. The effect
is discussed in terms of natural bond or-
bitals.
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The rotationally resolved electronic spectra of the electronic origin of the 7-azaindole-(H,0), and
of the 7-azaindole-(H,0), clusters have been measured in a molecular beam. From the rotational
constants the structures in the S, and S, electronic states were determined as cyclic with the pyrrolo
NH and the pyridino N atoms being bridged by one and two water molecules, respectively. Excited
state lifetimes of about 10 ns for both clusters have been found. In the spectrum of the
7-azaindole-(H,0), cluster a splitting of the rovibronic band is observed, which can be traced back
to a large amplitude motion, involving the out-of-plane hydrogen atoms of the water chain. Both the
changes of the rotational constants upon electronic excitation and the orientation of the transition
dipole point to a solvent induced state reversal between the L, and the L, states upon

microsolvation. © 2008 American Institute of Physics. [DOI: 10.1063/1.2928637]

I. INTRODUCTION

In a preceding theoretical study on the lowest electroni-
cally excited states of 7-azaindole and the
7-azaindole(H,0); , clusters, the geometries, excitation ener-
gies, transition dipole orientations, and natures of the excited
states have been predicted at the RICC2 and DFT/MRCI
level of theory.' In the following some of these theoretical
predictions will be tested, using rotationally resolved elec-
tronic spectroscopy of the 7-azaindole(H,0); , clusters.

Laser spectroscopic investigations of the structures and
photophysical properties of azaindole and its hydrogen and
van der Waals bound clusters range back to the early 80s of
the last century. Fuke e al.” measured mass-resolved ioniza-
tion spectra and fluorescence excitation spectra of
7-azaindole, 7-azaindole(H,0); ,, and (7-azaindole),. From
the large spectral redshift (1285 cm™') they proposed a con-
siderable distortion of the geometry upon electronic excita-
tion of the water clusters.

Kim and Bernstein’ presented mass-resolved excitation
spectra of 7-azaindole and its clusters with Ar, CH,, NHj,
H,0, D,0, CH;0H, and C,HsOH. For the azaindole-water
cluster they deduced a structure in which the water moiety is
bound to the 7r-system instead of a hydrogen bonded struc-
ture.

Nakajima et al’ investigated the geometric structures of
7-azaindole(H,0),_; and of the 7-azaindole dimer using
laser-induced fluorescence spectroscopy with high resolution
(~0.01 cm™!, equivalent to 300 MHz). They deduced a pla-
nar ring structure of 7-azaindole(H,0), from the rotational
analysis of the spectrum and from ab initio calculations. For

YElectronic mail: mschmitt@uni-duesseldorf.de.

0021-9606/2008/128(21)/214311/8/$23.00
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the n=2 and 3 clusters, also cyclic hydrogen bonded ring
structures with the water oxygen atoms in the aromatic plane
were suggested.

In the work of Fomer et al. pump-probe experiments
have been performed on the n=2, 3, and 4 water clusters of
azaindole, which yield for the doubly and triply hydrated
clusters biexponential decays with a short component (a few
hundred femtoseconds) and a long component (6 ps). They
attribute this behavior to a stepwise proton transfer from the
1H to the 7H position in the n=2 and 3 cluster, while a
single exponential decay for the n=4 cluster was believed to
be the signature of a concerted proton transfer.’

Yokoyama et al. performed IR-UV double resonance
spectroscopy on 7-azaindole-water clusters together with ab
initio molecular orbital calculations.® From their results hy-
drogen bonded single ring structures for the
7-azaindole(H,0),, cluster with n=1-3 was deduced in the
electronic ground state.

The structural changes of the 7-azaindole(H,0); cluster
upon electronic excitation were determined from a Franck—
Condon analysis of the emission spectra obtained via pump-
ing of several vibronic bands.” The distances of both the
O---H and the H---N hydrogen bond are found to decrease
upon electronic excitation, accompanied by a distortion of
the monomer geometry.

Dispersed fluorescence spectra of 7-azaindole(H,0);_3
clusters were presented by Hara et al.* No visible emission
from the proton transferred tautomers could be observed in
their experiment, excluding the excited state proton transfer
(ESPT) taking place in the gas phase on a time scale com-
parable to the fluorescence lifetime.

The geometrical changes of the 7-azaindole monomer
itself were investigated using rotationally resolved electronic

© 2008 American Institute of Physics
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spectroscopy of four different isotopomers of 7-azaindole”'’
as well as a Franck—Condon analysis.]I In Ref. 9 the nature
of the electronically excited state has been shown to be pre-
dominantly of L, character. Recently, the excited state dipole
moment of 7-azaindole has been determined by Kang et al.
from the Stark effect in a rotationally resolved LIF

12
spectrum.

Il. EXPERIMENTAL METHODS

The experimental setup for the rotationally resolved
laser-induced fluorescence is described in detail elsewhere."
Briefly, it consists of a ring dye laser (Coherent 899-21) op-
erated with Kiton Red, pumped with 7 W of the frequency
doubled output of a diode pumped Yb:YAG disc laser
(TCFKA ELS). About 600—700 mW of the fundamental dye
laser output is coupled into an external folded ring cavity
(Spectra Physics) for second harmonic generation.

The molecular beam is formed by expanding azaindole
heated to 100 °C and seeded in 300—700 mbars of argon
through a 100 um hole into the vacuum. The molecular
beam machine consists of three differentially pumped
vacuum chambers that are connected by two skimmers
(1 and 3 mm, respectively) in order to reduce the Doppler
width to 25 MHz. The molecular beam is crossed at right
angles in the third chamber with the laser beam 360 mm
downstream of the nozzle. The resulting fluorescence is col-
lected perpendicular to the plane defined by laser and mo-
lecular beam by an imaging optics setup consisting of a con-
cave mirror and two plano-convex lenses. The fluorescence
is detected by a UV enhanced photomultiplier tube whose
output is recorded by a PC based photon counter 10 card.
The relative frequency is determined with a quasiconfocal
Fabry—Perot interferometer. The absolute frequency was de-
termined by recording the iodine absorption spectrum and
comparison the transitions to the tabulated lines.™*

12000

lll. EXPERIMENTAL RESULTS
A. 7-azaindole(H,0),

Figure 1 shows the rotationally resolved spectrum of the
electronic origin of 7-azaindole-(H,0),. The spectrum spans
about 60 GHz and displays a well resolved rovibronic struc-
ture with predominantly ab-hybrid type.

The molecular parameters obtained from a genetic algo-
rithm (GA) based automated fit of the spectrum are given in
Table I, and are compared to the results of various ab initio
calculations for both electronic states. For details about the
fitting procedure using the GA technique see Refs. 15-17.
Although, as in the case of the azaindole monomer,o a simple
rigid rotor Hamiltonian without axis reorientation was em-
ployed, all intensities and line positions are well reproduced
(cf. Fig. 1). The slightly negative inertial defect Al and the
negligible change of AI upon electronic excitation (AAI)
point to nearly planar structures with at most one hydrogen
atom pointing out of the molecular plane in both electronic
states. The transition dipole moment, determined from the
relative intensities of a and b lines in the spectrum, makes an
angle of =27° with the inertial a axis, slightly different from
the value, which has been obtained from a fit to the rovi-
bronic contour (*16°) taken at much lower resolution
(300 MHz).” The polar angle ¢, which introduces c-type
character in the vibronic band was determined to be =86°,
meaning less than 1% c type. Thus, the transition dipole
moment is located in the plane of the chromophore. For the
discussion of the sign of the TDM angle 6, cf. Sec. IV B. The
line shape was fitted to a Voigt profile with a Doppler con-
tribution of 25 MHz, resulting in a Lorentz contribution of
15+4 MHz.

The agreement between the experimental and computed
rotational constants in both electronic states is very good for
the time dependent density functional theory and the coupled
cluster RICC2/TZVP ab initio calculations from Ref. |
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Spectra of water clusters of 7-azaindole

TABLE I. Comparison of the molecular parameters from the fit to the rotationally resolved electronic spectrum
of 7-azaindole(H,0), shown in Fig. 1 to the results of ab initio calculations. (TD)DFT and RICC2 were
performed with the TZVP basis. For details of the DFT/MRCI calculations, cf. part I of the present study (Ref.

J. Chem. Phys. 128, 214311 (2008)

1).

Expt. (TD)B3-LYP* RICC2* DFT/MRCI* CAS(10,9)°
A” (MHz) 1761.75 1775 1784 1784° 1780
B" (MHz) 1342.80 1349 1353 1353° 1288
C" (MHz) 762.89 768 771 771¢ 749
Al (amu A2) -0.77 -1.31 -1.04 -1.04 -1.56
6(°) +27 -17 -3 +19 -89
@ (°) +86 +90 +90 +89 +90
u? 0.777 0.914 0.995 0.896 0.000
w 0.217 0.085 0.005 0.104 1.000
u? 0.006 0.000 0.000 0.000 0.000
vy (cm™) 33340.43 32360 33288 33214 37320
AA (MHz) 35.97 25 35 35 -13¢
AB (MHz) 15.34 15 14 14 -22°
AC (MHz) 11.80 9 11 11 -10°
AAT (amu A?) -0.09 0.45 -0.15 -0.15 0.23

“Calculations described in Ref. 1.
PCalculations described in Ref. 7.

“Structure used for the DFT/MRCI calculations is the RICC2/TZVP relaxed structure.

which are also given in Table I for comparison. The complete
active space CAS(10,9)/cc-pVDZ calculations’ agree well in
the electronic ground state, but even the signs of the changes
of the rotational constants upon electronic excitation are pre-
dicted wrongly for all rotational constants at this level of
theory. The rotational constants reported for DFT/MRCI cal-
culations are the ones of the relaxed RICC2 geometry, at
which DFT/MRCI has been performed.1

The transition properties such as excitation energies and
transition dipole moments are quite satisfactorily reproduced
at RICC2/TZVP and even better at DFT/MRCI level, while
the CASSCEF calculations predict the band type completely
wrong, and also the adiabatic excitation energy, which is off
by nearly 4000 cm™'.

B. 7-azaindole(H,0),

Due to the large oscillator strength of transitions to the
lowest electronically excited state of 7-azaindole, and the
large stability of the hydrogen bonded water clusters, also
higher water clusters can be observed with rotationally re-
solved electronic spectroscopy. Figure 2 shows the spectrum
of the electronic origin of the 7-azaindole(H,0), cluster. In
contrast to the case of the 1:1 cluster, the spectrum of the 1:2
cluster consists of two closely spaced components, with a
splitting of 29 469 MHz, which can easily be determined in
an autocorrelation of the spectrum. The spectrum has been fit
using a rigid rotor Hamiltonian without axis reorientation,
for each of the components using the GA technique, as for
the 1:1 water cluster.

Azaindole-(H,0),
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TABLE II. Comparison of the molecular parameters from the fit with the rotationally resolved electronic
spectrum of 7-azaindole(H,0), shown in Fig. 2 to the results of ab initio calculations. The (TD)DFT and
RICC2 calculations are performed with the TZVP basis. For details of the calculations, cf. part I of the present

study (Ref. 1).

Expt. band 1 Expt. band 2 (TD)B3-LYP RICC2 DFT/MRCI
A” (MHz) 1413.81(25) 1415.46(52) 1424 1425 1425
B" (MHz) 827.61(9) 828.00(18) 856 842 842
C" (MHz) 524.02(5) 524.15(8) 537 533 533
Al (amu A?) -3.7 -32 -5.0 -6.9 -6.9
6(°) +34 +35 -22 +16 +33.7
@ (°) +74 +66 +90 +90 +87.1
u? 0.6336 0.5594 0.8536 0.9200 0.690
w 0.2956 0.2805 0.1463 0.0799 0.307
u? 0.0708 0.1600 0.0001 0.0001 0.003
vy (cm™) 32632.10 e 32 850 29 358 32751
Av, (MHz) 29469
AA (MHz) 9.35(3) 9.47(2) +30 +5 +5
AB (MHz) 27.54(2) 27.38(5) +31 +28 +28
AC (MHz) 12.59(2) 12.48(1) +16 +16 +16
AAT (amu A?) -0.6 -0.5 -0.3 -0.7 -0.7

The rotational constants for both electronic states are
given in Table II and are compared to the results of ab initio
calculations. The agreement with the results of the time de-
pendent DFT and the RICC2 calculations is as satisfying as
for the n=1 cluster. The considerably larger inertial defect in
both electronic states points to a slightly out-of-plane geom-
etry for at least one of the heavy atoms. Comparison to the
calculated structures shows that the oxygen atoms of both
water moieties in the hydrogen bond chain are slightly out of
plane—one being below, the other above the aromatic plane.

As can be already inferred from the strong and unusually
sharp correlation side peak at a shift of 29 469 MHz relative
to the unshifted autocorrelation, the rotational constants of
the two subbands are very similar, cf. Table II. The nature of
the large amplitude motion, responsible for the splitting in
the spectrum will be investigated in detail in Sec. IV D.

The characteristics of the electronic excitation (adiabatic
excitation energy and orientation of the transition dipole mo-
ment orientation are again well reproduced at the DFT/
MRCI level of theory. The angle 6 between the TDM and the
a axis is determined to be *=34° from the intensities in the
experimental spectrum and to +33.7 from the DFT/MRCI
calculations.

As for the 7-azaindole(H,0); cluster, the line shape was
fitted to a Voigt profile with a Doppler contribution of
25 MHz, resulting in a Lorentz contribution of 15+ 6 MHz.

C. Determination of the cluster structures

The partial intermolecular structures of the n=1,2 clus-
ters have been determined from the rotational constants
given in Tables I and II using the program PKREIT.'*"” The
structures of the 7-azaindole monomer in both electronic
states was taken from a combined structural fit to rotational
constants of four different isotopomers and to the Franck—
Condon intensities of 107 emission bands.'' The OH dis-
tance in the water moiety was set to 96 pm, and the water
HOH angle to 104°. Only three geometry parameters could

be determined, because for each cluster the rotational con-
stants of only one isotopomer have been measured. For the
n=1 cluster, the H;Og bond length, the N;H,Og angle, and
the N H,OgHg, dihedral angle have been chosen. The defi-
nitions of the distances, angles, and dihedral angles are given
in Fig. 3. The second hydrogen bond length N;Hg, was not
included in the fit, but is obtained implicitly from the defini-
tion of the Z matrix used in the fit. A distinct shortening of
both hydrogen bonds upon electronic excitation is found.

Table III presents the results of the fit. In addition to the
three fitted parameters, the other three values which deter-
mine the intermolecular geometry are given for complete-
ness.

For the n=2 cluster the restriction of the geometry
model due to the small number of inertial parameters is even
more unsatisfying. As for the binary cluster, the geometry of
the monomer for both electronic states was taken from the
Franck—Condon analysis presented in Ref. 11. Two hydrogen
bond distances and the angle, which describes the deviation
of the N-H,---Og hydrogen bond from linearity were fitted.

FIG. 3.

(Color

online)  Structures and

of  7-azaindole(H,0),
7-azaindole(H,0), in the ground and first excited singlet states from the fit
to the rotational constants. The structures for both states are overlayed, with
a maximum of congruence for the azaindole moiety. In each case, the upper
structure shows the excited state.
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TABLE III. S, and S, state geometry parameters (ry) of the 7-azaindole(H,0), , clusters, from the fit to the
experimental rotational constants. All bond lengths are given in picometers, angles and dihedral angles are

given in degrees.

7-Al(H,0), 7-Al(H,0),
To So Sy To So Sy
H,04" 215.3 195 H,04 175.2 169.3
N,H,04" 131 127 Hg, 04" 170.2 167.9
N,H,OgHg," 139 95 OgH|N/* 167 162
N,Hg, 228.1 211.7 0yHg, 04 167 162
N,Hg, O 116 124 Hy,N; 214.1 181.8
H,O4Hg, 110 110 HyoN;0y 156 166

Used in the fit.

"The angle OgHg,Og was kept fix at the fitted value of OgH|N.

Again, the last hydrogen bond length Hg, N results automati-
cally from the definition of the internal coordinates. As in the
case of the 1:1 cluster, all hydrogen bond lengths decrease
upon electronic excitation. Spectra of a much larger number
of isotopomers will be necessary to completely unravel the
structure of the n=2 cluster in both electronic states in the
future.

IV. DISCUSSION

A. The structures of the clusters in ground and
excited states

The comparison to calculated rotational constants shows,
that both for the ground state and the excited state the 1H
tautomer is experimentally observed, although the 7H tau-
tomer is found to be considerably more stable in the S, state.
Comparison to the results of the RICC2/TZVP calculations
in Ref. 1 shows a large change of the geometry of the aza-
indole monomer moiety upon water complexation in the
electronically excited state, while the ground state geometry
of 7-azaindole in the monomer and the water cluster is nearly
the same. The reason for this strange behavior in the excited
state is a solvent induced state reversal between the L, and
L, states, the former being the S, state in the monomer, the
latter in the 1- and 2-water clusters. Of special interest for
future experiments will be the determination of selected ge-
ometry parameters of the monomer in the cluster, using iso-
topically substituted species and Kraitchmans equations.
These present a direct access to the question of the electronic
nature of the excited states.

(a)

H

I\
M

H==2 -
et g

A N/ AN

)

H

I

Both hydrogen bond lengths in the 7-azaindole(H,0),
cluster (H;Og and N;Hg,) are considerably shortened upon
electronic excitation which can be explained by the increased
excited state acidity of the pyrrole moiety and the increased
basicity of the pyridine moiety in the first electronically ex-
cited 7—7* state.”’ Figure 3 shows the simultaneous de-
crease of both hydrogen bonds in the excited state.

For the 7-azaindole(H,0), cluster, the H;Og bond length
also decreases upon electronic excitation. The hydrogen
bond length between the two water moieties Hg,Oq decreases
slightly, due to polarization effects on both water moieties,
mediated by the basicity increase of the pyridino N atom and
the increase in acidity of the pyrrolo N(H) site.”’

B. Orientation of the transition dipole

The orientation of the transition dipole moment in the
7-azaindole monomer was experimentally determined to be
—14° (Ref. 10) or —20° (Ref. 9) with respect to the a axis.
The minus sign refers to a orientation, in which the TDM
points in direction of the pyrrolic NH group [orientation I in
Fig. 4(a)]. The DFT/MRCI calculations, reported in part I
(Ref. 1) of the present investigation, however, predict a TDM
orientation of +20° [orientation II in Fig. 4(a)].

The orientation of the TDM in the water cluster is deter-
mined in the present work to be *£27° with respect to the a
axis of the cluster. The RICC2/TZVP calculations, reported
in part I (Ref. 1) which reproduce the experimental excited
state rotational constants better than 1%, show that the angle
of the inertial a-axis in the cluster with the C5,C, bond (cf.

FIG. 4. Inertial axis systems and TDM

orientations of 7-azaindole,
7-azaindole (H,0);, and 7-azaindole
(H,0),.
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Fig. 4) is 30°. In the monomer the angle between the a axis
and the C5,C, bond is found to be 90°. Therefore, the iner-
tial axis system in the frame of the azaindole monomer is
rotated counterclockwise by 60° upon cluster formation, as
shown in Fig. 4. The inertial axes of the monomer and the
water clusters are shown with the azaindole monomer moi-
eties oriented equally in Fig. 4.

If the positive sign of the TDM orientation in the n=1
cluster applies, as predicted by the DFT/MRCI calculations,
the TDM would make an angle with the a axis of the mono-
mer of —33° [orientation I in Fig. 4(b)]. If on the other hand
the negative sign would apply, then the angle of the TDM
with the a axis in the monomer geometry would be 87° (ori-
entation II). This orientation is completely different from
both orientations I and II in the 7-azaindole monomer.

For the n=2 cluster the rotation of the inertial axes upon
water complexation is calculated from the geometries of the
RICC?2 calculations to be —=70° [cf. Fig. 4(c)]. The experi-
mentally determined angle of the TDM with the a axis in the
inertial system of the cluster is =34°, while DFT/MRCI pre-
dict in very good numerical agreement a value of +35°. In
the inertial system of the monomer, this would correspond to
angles of —35° for the + sign (close to orientation I in the
monomer) or to 105° for the — sign (different from both
orientations I and II). Again, the positive direction gives an
orientation, similar to orientation I in the monomer.

Comparison of the experimental rotational constants of
the azaindole monomer and the water clusters to the results
of the RICC2 calculations for the lowest excited states
showed that the excited state of the clusters has a completely
different geometry from that of the monomer, while the
ground state geometry is similar." This points to a change of
the ordering of the lowest two excited states upon cluster
formation.

Summarizing these findings, it appears as if the TDM
angle in the monomer should have a positive sign, as pre-
dicted by the DFT/MRCI calculations, but in contradiction to
previous experiments. Since these experiments were per-
formed independently in two different groups, the reason for
this discrepancy is not easily allegeable. Maybe the assump-
tion made in Refs. 9 and 10 in the interpretation that deu-
teration leaves the molecule electronically unchanged and
rotates only the inertial axes is not correct. If one looks into
the theoretical results for the other tautomer of 7-azaindole
(the H being at the 7-position instead of the 1-position), the
direction of the TDM is reversed between L, and L, com-
pared to the “normal” 1H tautomer. If we now assume tun-
neling between the two positions (N; and N;) to occur, the
resulting TDM orientation might deviate from that of the
pure 1H-7-azaindole. Since the barrier is high, most of the
contribution to the TDM comes from the “normal” tautomer,
but a small fraction is induced by the other tautomer. In the
case of the deuterated isotopomer, tunneling is quenched,
and the orientation is governed exclusively by the one of the
“normal” tautomer. This means that the reason for the change
of the angle might be different from what was assumed in
both analyses (a pure effect of deuteration on the inertial
axes).

J. Chem. Phys. 128, 214311 (2008)

C. Excited state lifetimes

The Voigt profiles of single rovibronic lines in the
7-azaindole(H,0); and 7-azaindole(H,0), spectra exhibit
both Lorentz components of 15*5 MHz. This broadening
corresponds to an excited state life time of about 10 ns. This
value is considerably larger than the excited state life time in
the 7-azaindole monomer of 2.5 ns.’ Huang et al. reported
lifetimes of 8.1 ns for 7-azaindole(H,0), and of 6.6 ns for
7-azaindole(H,0), using time-correlated single-photon
counting.22 Folmer ef al. found a biexponential decay with
time constants of 360 and 6 ps in the excited state of
7-azaindole(H,0), using pump-probe spectroscopy.5 They
suggested that the existence of two different time constants
points to a stepwise proton transfer reaction in the excited
state. Later, Hara et al. showed that, in the fluorescence
emission spectra of the 7-azaindole(H,0), 3 clusters in a
molecular beam, no visible fluorescence could be detected.®
From that, they concluded that ESPT does not occur on the
time scale of direct (resonant) fluorescence emission in the
gasphase. Our present investigations sustain this conclusion.
The much shorter transients, shown in Fig. 2 of Ref. 5, are
recorded only up to 7 ps. Thus, it is possible that a much
longer time component is contained in their transient. By-eye
extrapolation of the data in Fig. 2 of Ref. 5 points to a re-
maining intensity offset, which might be a reminiscence of
the slow component, observed in our cw experiment. Alter-
natively, the transients, which were observed on the different
mass channels of the clusters in Ref. 5 might be contami-
nated by fragmentation from higher cluster sizes, thus yield-
ing an averaged lifetime of many cluster sizes, including
very large ones.

D. Internal motion in the 7-azaindole(H,0), cluster

The splitting, which is observed in the spectrum of the
7-azaindole(H,0), cluster, might be caused by the existence
of two different conformers of the cluster, with a small spec-
tral shift due to different zero-point-energy differences. Re-
garding the fact that the splitting is very small, the chro-
mophore of the two conformers and its close vicinity must be
very similar. One possibility for two different conformers in
the 7-azaindole(H,0), cluster is shown in Fig. 5. Here, we
plotted the potential energy for the tunneling motion, which
interchanges the up and down hydrogen atoms in the water
chain, projected to a one-dimensional reduced coordinate.
The line of view is from the central hydrogen bond
(Hg,"*+Oy) to the azaindole moiety, oriented as shown in
Fig. 3. The global minimum has an up/down or down/up
arrangement of the two H atoms of the water moieties. From
this minimum, a transition state is reached, in which one of
the two hydrogen atoms is in plane. By further rotation of
this H atom in the same direction, a second (local) minimum
is reached, in which both H atoms point down(up)wards.
Both local minima with the hydrogens pointing both up or
both down have the same energy as the up/down and
down/up conformations of the global minimum. The station-
ary points along this coordinate have been calculated at the
RICC2/TZVP level of theory for both electronic states. All
energies, relative to the global minimum, are given at the
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Sy372

Sy419

potential energy V.——

FIG. 5. One-dimensional potential energy curve of the tunneling coordinate
in the 7-azaindole(H,0), cluster. The conformations of the stationary points
have been depicted symbolically with the line of sight into the plane of the
hydrogen bond ring and the azaindole monomer. The two out-of-plane hy-
drogen atoms are labeled by 8b and 9b in Fig. 3.

respective stationary points in Fig. 5. From the relative en-
ergies of the transition states in Fig. 5, it is clear that the
arrangement with the in-plane hydrogen atom at the pyrrolo
side has a slightly different energy than at the pyridino side.

A normal mode analysis at the level of structure optimi-
zation has been performed to check the right number of
imaginary and nonimaginary frequencies for the minima and
the transition states. The splitting in the spectrum would then
arise from two transitions, connecting the global and the lo-
cal minima in each electronic state [cf. Fig. 6(a)]. Since the
ground state energy difference between the two conformers
amounts only to 285 cm™' (including zero-point-energy cor-
rection) and the barrier separating them is calculated to be
372 cm™!, both conformers might be frozen out in the course

/! VAN
| |/ b/
I (@) 7/ (b) ;
&
g
Al A | A
m
/ b/
/ y 7
o — o ——
FIG. 6. Energy level scheme for the possible transitions in

7-azaindole(H,0),. (a) Transitions between different conformers. The as-
sumption is made that under the expansion conditions both conformers are
frozen out simultaneously. (b) Transitions between different tunneling com-
ponents of the most stable conformer, which in this model is frozen out
exclusively in the supersonic expansion.

J. Chem. Phys. 128, 214311 (2008)

of the expansion, forming an intensity ratio between the two
bands which is governed by the expansion conditions.

If on the other hand, only the most stable conformer is
exclusively frozen out in the supersonic expansion; an alter-
native explanation for the splitting can be given on the basis
of a tunneling splitting of the lowest vibrational level in the
potential energy curve of Fig. 5, which differs from the ex-
cited state splitting by the absolute value of the observed
splitting.

In the following we estimate the order of magnitude of
the splitting. Since the energy differences of the various tran-
sition states (at least in the electronic ground state) are small,
it is possible to approximate the potential by an expansion in
cosine terms,

V= 3(V5(1 = cos 2a) + V,(1 = cos 4a)), (1)

with V,=-290 cm™! and V,=+200 cm™' in the electronic
ground state.

Using the potential given above and a reduced torsional
constant B of 23 cm™!, which is typical for a hydroxy
torsion,” a ground state torsional level splitting of 0.4 cm™'
is obtained using the analytical solutions from Ref. 24 of the
Schrodinger equation with the Hamiltonian

2
HT:BLZ+%E V,(1 = cos na), 2)
da .

as implemented in the program HTORFIT, which is described
in Ref. 25. For the excited state, a negligible splitting results
due to the much higher barrier. Therefore, the very crude
approximation that the potential in the excited state is also
approximated by a sum of cosine terms does not influence
the result. Inspection of Fig. 5 shows that, while the minima
with the hydrogen pointing “ud” and “du” are exactly equal,
there is a large difference in the relative transition state en-
ergies for the hydrogen atom at the pyrrolo side or at the
pyridino side being in plane, respectively. Thus, a potential
containing cosine and sine terms would be more appropriate.
According to the fact that the barrier is much higher in the
excited state a very small splitting would result in any of the
model potential chosen. Regarding the fact that the above
estimation contains a few very rough approximations, the
appraised splitting is surprisingly close to the experimentally
determined one. Nevertheless, one has to keep in mind that
the estimation presented here is only meant to show the right
order of magnitude for the splitting expected from the tun-
neling motion.

The two possible explanations for the splitting of the
electronic origin of the 7-azaindole(H,O), cluster are de-
picted in Fig. 6. A distinction between these two possibilities
seems to be difficult. In case (b), the relative intensities of
the subbands will only depend on the spin statistical weights
of the two components but not on the expansion conditions,
since both transitions originate from the same ground state
potential energy minimum. In case (a) the expansion condi-
tions should alter the relative intensities. In none of the ex-
periments we performed does a change of the relative inten-
sities could be observed, which would point to case (b).
Nevertheless, the range in which the expansion conditions
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can be varied without loosing the cluster signal are quite
small for the 7-azaindole(H,0), cluster. Thus, at the present
moment, no definite answer can be given to this question.
Since the chance of the difference of the two excitations
originating from different minima on the potential energy
surface shown in Fig. 6(a) being as small as observed experi-
mentally, we strongly prefer the tunneling model [case (b)].

V. CONCLUSIONS

The structures of the 7-azaindole(H,0), , clusters were
determined in the S, and the S, state. Both in the ground and
excited state cyclic hydrogen bonded clusters of the 1H tau-
tomer were found, although in the excited state the 7H tau-
tomer is more stable one. Of course, this is not in the
Franck—Condon region for transitions from the 1H ground
state.

Contrary to the case of the 7-azaindole monomer, we
find the S, state in the microsolvated clusters to be of L,
character in Platts nomenclature (HOMO— LUMO). This
conclusion can be drawn on the basis of the excited state
structures, the transition dipole moment orientations and the
adiabatic excitation energies.

The increased acidity of the pyrrolic NH group and the
increased basicity of the pyridino N atom in the electroni-
cally excited state leads to a considerable shortening of both
hydrogen bonds in the cyclic 7-azaindole(H,0); cluster.

Excited state lifetimes of 10 ns have been determined
from the Lorentz contribution to the line profiles for both
clusters, which are orders of magnitude larger that the two
time constants for a biexponential decay, that has been mea-
sured by pump-probe spectroscopy.

The spectral splitting observed in the 7-azaindole(H,0),
cluster can be explained on the basis of a tunneling motion,
which interconverts the two out-of-plane hydrogen atoms of
the hydrogen bond.
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Rotationally resolved electronic spectra of three different conformers of 5-methoxytryptamine
were recorded in a molecular beam. 5-Methoxy substitution reduces the number of observed
conformers to three compared to seven that have been reported for tryptamine. Quantum
chemical calculations indicate that anti-rotamers of the methoxy-group are more stable relative to
the syn-forms. Two gauche structures (Gpy(in) and Gph(in)) of the ethylamino group with respect
to the indole chromophore were found to be less stable than the other seven. The lowest
electronically excited state has been identified as the 'L, one for all observed conformers which
was confirmed by quantum-chemical calculations. Based on the comparison of rotational
constants obtained from fits using evolutionary algorithms with those from calculations, the three
observed conformers were determined to be the Gpy(up), Gph(up), Gpy(out) ethylamino

side-chain conformations.

1. Introduction

Ethylamino substituted indole derivatives like tryptamine
(2-(1H-indol-3-yl)ethanamine), serotonin (3-(2-aminoethyl)-1H-
indol-5-0l), melatonin (N-[2-(5-methoxy-1H-indol-3-yl)ethyl]-
ethanamide) and mexamin (2-(5-methoxy-1H-indol-3-yl)ethanamine)
have found considerable interest due to their effect as neuro-
transmitters, radiation protecting agents or sedatives. The
present publication presents an investigation of the conforma-
tional isomers of mexamin (also called 5-methoxytryptamine)
using a combination of low resolution ionization spectro-
scopy, rotationally resolved electronic spectroscopy, and
ab initio theory.

The crystal structure of S5-methoxytryptamine has been
determined to be monoclinic by X-ray crystallography.
The ethylamino side-chain was found to be bent into the
gauche or synclinal conformation.! Bayari and Ide presented
a vibrational analysis of 5-methoxytryptamine in KBr
using FTIR spectroscopy. Additionally they took the X-ray
diffraction pattern of 5-methoxytryptamine and determined
the preferential conformation in the crystal to be in anti
position.?

Tryptamine has become a model system, for which the
conformational landscape has been studied intensively over a
long period.*'° The rotationally resolved electronic spectrum
of tryptamine in a molecular beam has been reported several
times in the past few years at increasingly good resolutions,

“ Heinrich-Heine-Universitdt, Institut fiir Physikalische Chemie I,
D-40225 Diisseldorf, Germany. E-mail: mschmitt@uni-duesseldorf.de

® Molecular and Biophysics Group, Institute for Molecules and
Materials, Radboud University Nijmegen, NL-6500 GL Nijmegen,
The Netherlands

thus unravelling more details of its conformational
landscape.®'® Caminati determined the rotational constants
of the A and B conformers of tryptamine in the electronic
ground state using microwave spectroscopy and made an
assignment to the structures based on ab initio calculations.'!
Dian et al. determined the energy thresholds between
the different conformers of tryptamine using stimulated
emission pumping-hole filling and stimulated emission
pumping-induced population transfer spectroscopy.'>!3

Improved theoretical methods for the description of
electronically excited states facilitate the computation of
various properties like structure, adiabatic excitation energies,
permanent and transition dipole moments, efc. with nearly
spectroscopic accuracy.'*

Much less structural information can be found for serotonin
and melatonin. LeGreve et al. performed laser induced
fluorescence (LIF), resonance enhanced multiphoton ionization
(REMPI), UV-UV double resonance (UV-UV DR) and
resonant ion-dip infrared (RIDIR) spectroscopy on serotonin
and identified 8 different conformers.'® For melatonin Florio
et al.'® found and assigned five different conformers on the
basis of IR-UV double resonance spectroscopy.

It has been found that small changes in the system like water
attachment to flexible molecules can considerably change the
energetics of the conformational landscape.® In this paper we
address the question how a methoxy substitution in position 5
of the indole ring changes the conformational landscape of
tryptamine. Since the distance between the methoxy and the
ethylamino groups is considerably large, one would expect a
very weak direct interaction and hence a negligible effect on
conformational preferences. We will show in this paper that
this is not the case.
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2. Techniques
2.1 Experimental procedures

5-Methoxytryptamine (98%) was purchased from Sigma
Aldrich and used without further purification. The experimental
setup for the rotationally resolved laser induced fluorescence is
described in detail elsewhere.!” Briefly, the laser system
consists of a single frequency ring dye laser (Coherent 899-21)
operated with Kiton Red, pumped with 7 W of the 515 nm line
of a frequency doubled cw Nd:YAG laser. The dye laser
output is coupled into an external folded ring cavity (Spectra
Physics Wavetrain) for second harmonic generation. The
resulting output power was constant at about 15 mW
during each experiment. The molecular beam is formed by
co-expanding S-methoxytryptamine, heated to 200 °C, and
200 mbar of argon through a 200 pm nozzle into the vacuum.
The molecular beam machine consists of three differentially
pumped vacuum chambers that are linearly connected by
skimmers (1 and 3 mm, respectively) in order to reduce the
Doppler width. The resulting resolution is 25 MHz in this
setup (FWHM). In the third chamber, 360 mm downstream of
the nozzle, the molecular beam crosses the laser beam at a
right angle. The imaging optics setup consists of a concave
mirror and two plano-convex lenses to collect the resulting
fluorescence onto a photomultiplier tube, which is mounted
perpendicular to the plane defined by the laser and molecular
beam. The signal output is then discriminated and digitized by
a photon counter and transmitted to a PC for data recording
and processing. The relative frequency is determined with a
quasi-confocal Fabry—Perot interferometer. The absolute
frequency is obtained by comparing the recorded iodine
absorption spectrum with tabulated lines.'

The experimental setup for the low-resolution REMPI
experiment is described in detail elsewhere.'® In short, the
sample molecules are heated to 110 °C to form a suitable
partial pressure in a pulsed valve (General Valve) flooded with
4 bar Ar carrier gas. The pulsed supersonic beam is pulsed into
a first vacuum chamber, then skimmed after 30 mm and finally
ionized ca 200 mm downstream the valve in a second vacuum
chamber. Tons are accelerated in a two-stage ion source and
mass detected in a linear time-of-flight mass spectrometer. For
REMPI spectroscopy the gated ion signal is recorded in
dependence on the laser wavelength. The excitation light was
provided by a frequency-doubled conventional Nd:YAG
laser-pumped dye laser (7 ns pulse width). The laser was used
without lens to avoid saturation in the excitation processes
(100 pJ pulse™!, 4 mm? laser beam size).

2.2 Computational methods

2.2.1 Quantum mechanical calculations. Structure optimi-
zations were performed employing the valence triple zeta basis
set with polarization functions (d,p) from the TURBOMOLE
library.?>?! The equilibrium geometries of the electronic
ground states were optimized at the level of density functional
theory using the B3-LYP-D functional®* corrected for
long range dispersion interactions.”>>* These dispersion
interactions account for interactions of the ethylamino
side-chain with the m-system of the chromophore, present in

the four gauche conformers. Zero-point energy correction was
accounted for through vibrational harmonic frequencies
which have been calculated through analytical second
derivatives of the B3-LYP energies using the aoforce
module*>?® implemented in Turbomole Version 5.9.

2.2.2 The evolutionary algorithms for fitting of the
rovibronic spectra. The rotationally resolved electronic spectra
were fit to a simple asymmetric rotor Hamiltonian using the
derandomized-ES DR2 algorithm, an evolutionary strategy
developed by Ostenmeier er al>’ which has been shown
recently to be a very good alternative for the automated
assignment of rotationally resolved electronic spectra of
molecules which are highly congested®® compared to the
genetic algorithm based fits we have employed so far.?
Both strategies—the derandomized-ES DR2 algorithm and
the genetic algorithm—belong to the category of global
optimizers whose concepts are copied from evolutionary
concepts in nature.

Their main difference lies in the fact that while the genetic
algorithm tries to find a solution in parameter space by
randomly combining information from a set of trial solutions,
the steps in the DR2 algorithm are influenced by their history.
In a first step, some trial solutions are generated from a
random distribution around some starting point, each
consisting of the complete parameter set necessary to describe
the spectrum, and the quality of each solution is analyzed
using a fitness function. If one of the solutions, obtained in the
combination of information is better than the original one, this
solution is selected and used to compute the next parent
generation, which then serves as the starting point for an
iteration of this cycle. In the calculation of the parent for
the next generation the DR2 algorithm makes use of the
correlation matrix for successive changes in the parents
(mutations). This means that whenever for some parameter a
parent has evolved in the same direction for several generations,
so that their correlation in this parameter is positive, the most
likely solution is assumed to be further in that direction
and the next parameter mutation step will be larger.
Correspondingly, two anti-correlated mutations will lead to
a smaller mutation size.

3. Results
3.1 Computational results

The structures of fourteen different conformers of 5-methoxy-
tryptamine have been optimized at the B3-LYP-D/TZVP level
of theory using dispersion corrected functionals from
Grimme.?*** Using the notation of Carney et al., these are
labelled as Gpy(out), Gpy(up), Gph(out), Gph(up), Anti(py),
Anti(ph), and Anti(up) conformers describing the orientation
of the ethylamino side-chain with respect to the indole ring
(gauche on the pyrrole side, gauche on the phenyl side or anti),
and the orientation of the amino lone pair (pointing up, out,
to the phenyl side or to the pyrrole side). Like in
tryptamine itself, the (in) conformers of Gph and Gpy with
the lone pair pointing to the aromatic ring are of much higher
energy and will not be considered here. The number of
possible conformers compared to tryptamine is doubled in
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Fig. 1 DFT-D optimized anti(OMe) structures of seven conformers
of 5-methoxytryptamine. The Gpy(out) structure contains the atomic
numbering used in this publication.

S-methoxytryptamine, because the methoxy group in S-position
can be oriented in the direction of the ethylamino side-chain
(anti(OMe) or opposing the side-chain (syn(OMe)). All
syn(OMe) conformers are at least 3.5 kJ/mole higher in energy
than their anti(OMe) counterparts.

Fig. 1 shows the seven optimized anti(OMe) structures,
Table 1 gives the rotational constants, inertial defects and
relative energies of all rotamers (syn(OMe) and anti(OMe)) at
the B3-LYP-D/TZVP level of theory. A complete analysis and
comparison of the methoxytryptamine and serotonin
conformational space is performed and will be published soon.*

While density functional theory does not account properly
for the dispersive interactions between the ethylamino
side-chain and the m-system of the chromophore and thus
underestimates the energy differences of the gauche and the
anti conformers, Moller—Plesset perturbation theory on
second order (MP2) has been shown in related molecules like

Table 1

tryptamine'>'*3* and serotonin!® to give the correct energy

ordering of the conformers. Nevertheless, MP2 calculations
are computationally very expensive compared to DFT
methods. We therefore decided to use the dispersion corrected
Becke-3LYP-D functional which has been shown to correctly
account for dispersive van der Waals interactions.”?

In contrast to the tryptamine case, where the Gpy(out)
conformer was found to be the most stable one, we predict
for 5-methoxytryptamine the Gph(out) conformer to be the
most stable one. This agrees with MP2 calculations of
LeGreve e al.'® on 5-hydroxytryptamine conformers which
find the Gph(out) conformer as most stable one, followed by
the Gpy(out) conformer. DFT calculations, performed in the
same work put the energy ordering as in the tryptamine case.
This (incorrect) ordering was also found in a DFT study by
van Mourik et al.*> and shows the necessity of considering the
dispersion forces correctly.

The quite large stabilization of the gauche conformers
relative to the anti conformers is a consequence of the
consideration of the long range dispersions and shows the
advantage of the dispersion corrected density functionals over
the standard ones, for the description of the conformational
stabilities.

The vibrational frequencies of the Gpy(out) conformer in
the range of the large amplitude torsional motions have been
calculated for the electronic ground state using analytical
second derivatives of the RIMP2 energy using the Aoforce
module from the Turbomole package. The lowest frequency at
39.2 cm™! can be assigned to the torsional motion 1, of the
C3C8 bond. The energetically following vibration at 68.2 cm ™
is a bending motion of the ethylamino side-chain relative to
the indole ring (f,) with an admixture of methoxy bending.
The vibration at 96.2 cm™' is a combined methoxy and
ethylamino bending mode. The torsional motion 7, about
the C8C9 bond is found at 124.7 cm~'. Further bands at
153.2 and 267.4 cm™' can be assigned to combinations of
bending and torsional motions mainly localized in the
methoxy group and inversion motion at the indolic NH group.
Out-of-plane vibrations of the indole chromophore at 169.9
and 212.1 cm ™! are assigned to the 10b and 10a vibrations in

DFT-D (B3-LYP-D/TZVP) calculated rotational constants (4, B, C) the inertial defects (A]) and relative energies (AE) of fourteen

conformers of 5-methoxytryptamine in their electronic ground state. Stabilization energies contain zero-point corrections using the B3-LYP/TZVP

harmonic frequencies

Anti(OMe)
Aoforce Gpy(out) Gpy(up) Gph(out) Gph(up) Anti(py) Anti(ph) Anti(up)
A/MHz 979 965 908 916 850 848 847
B/MHz 512 517 585 572 525 529 527
C/MHz | 367 368 380 380 336 337 336
Aljamu A? —126.2 —127.9 -90.5 —105.3 —53.1 —51.7 —51.5
AE[em™! 93.4 89.0 0 203.9 554.1 501.1 765.8

Syn(OMe)
Anti Gpy(out) Gpy(up) Gph(out) Gph(up) Anti(py) Anti(ph) Anti(up)
A/MHz 1155 1141 1056 1064 990 991 989
B/MHz 443 445 496 491 448 449 447
C/MHz | 348 349 358 360 318 318 318
Aljamu A? —126.1 —130.5 —85.8 —100.4 —49.3 —46.3 —52.4
AE/(:m7l 408.9 420.6 509.8 529.7 829.1 859.4 458.1
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Table 2 Vibrational frequencies below 300 cm™' of the seven most stable Anti(OMe) conformers of 5-methoxytryptamine

Mode Gpy(out) Gpy(up) Gph(out) Gph(up) Anti(py) Anti(ph) Anti(up)
T 39.2 36.9 54.4 42.0 48.5 49.0 48.8
B1 68.2 67.0 80.5 73.6 66.7 66.4 66.9
B 96.2 95.0 92.6 86.7 92.6 90.4 92.7
T, 124.7 119.1 126.8 124.2 98.3 98.3 97.9
Niny. 153.2 153.2 152.7 152.2 153.3 153.2 153.4
10b 169.9 168.8 177.1 175.6 175.5 175.6 176.3
10a 212.1 209.8 220.3 209.1 202.9 201.0 201.1
Niny. 267.4 266.7 262.8 266.6 239.0 239.6 261.3

the classification scheme of Varsanyi.’® Most of the modes
strongly couple methoxy and ethylamino torsional motions, so
that no unequivocal description of the mode as in the case of
tryptamine can be given. The approximate descriptions of the
modes given in Table 2 have been taken from ref. 37. Table 2
compares the vibrational frequencies below 300 cm™' of the
seven Anti(OMe) conformers.

3.2 Low resolution R2PI spectra of 5-methoxytryptamine

Low-resolution R2PI spectra were recorded to obtain
overview spectra and to identify spectral contributions of
clusters with water. Fig. 2 shows the R2PI spectrum of
S-methoxytryptamine in the range between 32450 and
32950 cm™!'. Trace (a) shows the R2PI spectrum at
mjz = 190 Da (the methoxytryptamine mass) using the
methoxytryptamine sample as obtained. In a next step, to
avoid contamination by methoxytryptamine-water cluster
peaks, the sample was thoroughly dried. All peaks red to
32700 and blue to 32900 practically vanished as shown in
trace (b). Trace (c) finally shows the R2PI spectrum with
addition of 18 mbar of water to the Ar carrier gas, recorded

at the mass channel of methoxytryptamine + water
a m/z=190
A

b mz=190 B ¢ D

m/z=208
C
d 'z =190

32500 32600 32700 32800 32900

Rel. frequency / cm’

Fig. 2 (a) R2PI spectrum taken on the mass channel of 5-methoxy-
tryptamine (m/z = 190 Da). (b) R2PI spectrum taken on the mass
channel of 5-methoxytryptamine (m/z = 190 Da) after thorough
drying of the sample. (c) R2PI spectrum taken on the mass channel
of 5-methoxytryptamine(H,O); (m/z = 208 Da) after addition of
18 mbar of water to the Ar carrier gas. (d) Conditions like in
(c), but spectrum taken at the mass channel 190 Da.

(m/z = 208 Da). None of these bands could be detected on
higher mass channels from larger water clusters. Thus, we
tentatively assign all bands shown in trace (c) to the 5-methoxy-
tryptamine(H,O); cluster. The spectrum is governed by
long progressions in low frequency modes and differs
considerably from the R2PI spectra of tryptamine(H,0);*®
and indole(H,0);.*°

Four different bands can be assigned on the basis of the
R2PI spectrum of Fig. 2b to belong to the 5-methoxytryptamine
monomer. They are labelled by A-D according to their
intensities. Band D at 32844.73 cm ™! was too weak to obtain
a rotationally resolved spectrum with a sufficiently good
signal/noise ratio for assignment. Anyhow, from the frequency
of 36.6 cm ™! relative to the origin of the A conformer, it is
probable that this band represents a vibrational mode of the A
conformer due to the torsional motion of the ethylamino
side-chain about the C8C9 bond, ¢f. Table 2. Nevertheless,
we cannot exclude completely a forth conformer for being
responsible for this band. Rotationally resolved spectra of the
three bands A—C will be presented in section 3.

3.3 High resolution spectra of conformers of
5-methoxytryptamine

Fig. 3 shows the rotationally resolved spectrum of the
conformer A of 5-methoxytryptamine along with a simulation,

Experiment

ol

I |

10000 15000 20000
Frequency/MHz

Fig. 3 Rotationally resolved electronic spectrum of the A band of
S-methoxytryptamine. The second trace shows the simulation using
the best parameters from Table 3. The lowest traces show zoomed-in
parts of the experimental spectrum and the simulation.
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Table 3 Molecular constants of the three conformers of 5-methoxy-
tryptamine obtained from ES-DR?2 fits to the experimental spectra.
The changes of the ground state rotational constants 4”, B”, and C”
upon electronic excitation are defined as: A4 = 4'-A" etc., where A’
are the rotational constants in the electronically excited state. Al is the
inertial defect in amu A2 and AAI its change upon electronic excitation

Exp. Conf. A Conf. B Conf. C
A" /MHz 990.88(12) 914.40(11) 976.85(12)
B'/MHz 500.27(9) 569.18(8) 504.49(9)
C"/MHz_ 361.57(9) 376.74(8) 362.65(9)
Aljamu A? —122.49 —99.14 —125.41
0° 78(6) 77(6) 80(6)

s 40(6) 46(6) 45(6)

1y 57 46 49

ur 39 49 48

u? 4 5 3

/ns 11.2(24) 10.2(20) —

vofem ™! 32808.13(2) 32733.82(2) 32763.49(2)
AA/MHz —5.44(3) —7.45(3) —5.09(3)
AB/MHz —3.22(4) —2.38(4) —3.06(4)
AC/MHz —2.49(4) —2.23(4) —2.18(4)
AAIjamu A? —122.14 —99.40 —125.80

using the best parameters from the derandomized-ES DR2 fit
given in Table 3. The uncertainties of the parameters are given
in parentheses and are obtained as standard deviations by
performing a quantum number assigned fit. In this fit those
transitions obtained from the derandomized-ES DR?2 fit are
included that would be used in a typical manual assignment of
the spectra, that is transitions with intensity larger than 5% of
the maximum intensity and with rotational quantum numbers
up to J = 10.

Even what appears to be single rovibronic lines in the P or R
branch of the simulated spectrum are superpositions of some
ten rovibronic transitions. This fact highlights the necessity for
an automated fitting technique like the evolutionary strategies
employed here. Band A at 32808.13 cm™! is predominantly an
ab hybrid type transition. with 57% a-type, 39% b-type, and
4% c-type character. The lifetime is determined to be around
10 ns from a Lorentz contribution of 14 MHz to the full Voigt

line width. From the rotational constants an inertial defect of
—122.5 amu A for the ground state and of —122.1 amu A2 for
the electronically excited state is calculated.

The high resolution spectrum of the B band of 5-methoxy-
tryptamine at 32733.8 cm™" is shown in Fig. 4. Like band A, this
transition is predominantly polarized in the ab plane, with an
excited state lifetime of approximately 10 ns. The inertial defect
in the ground state is —99.14 amu A? and in the excited state
—99.40 amu A2, considerably smaller than in the A conformer.

Fig. 5 shows the high resolution spectrum of band C at
32763.5 cm™'. This band consists of two rovibronic spectra,
separated by ca 2000 MHz. One of these spectra is unambigu-
ously fitted with the molecular parameters given in Table 3. The
spectral features of the other component are too different
(cf. the lowest trace in Fig. 5, which gives the residue of the
experimental and simulated spectrum) to be due to another
S-methoxytryptamine conformer. It consists more or less only
of a pronounced Q-branch structure, with hardly any P or R
band intensity. The mass spectrum shows a mass of 161 coming
up, while scanning over band C. This might be a fragment from
S-methoxytryptamine, formed by thermal decomposition in the
source, cleaving a CH-NH, fragment, and leaving 3-methyl-
S-methoxyindole. Since the chromophore and its direct
surrounding are the same to S-methoxytryptamine it is not
improbable that the absorption takes place spectrally very close.

The density of lines in band C of methoxytryptamine is so
high (mainly due to the overlapping second band), that
no reliable Lorentzian width can be determined and,
consequently, no lifetime is given in Table 3. The inertial
defect of band C is —125.41 amu A? in the ground state and
—125.80 amu A? in the electronically excited state, thus the
largest of all three conformers.

The changes of the rotational constants upon electronic
excitation of the three conformers are all negative, quite small
and similar, in contrast to the changes in tryptamine.’

RN

T
-12000
Frequency / MHz

-14000 -10000

Fig. 4 Rotationally resolved electronic spectrum of band B of
5-methoxytryptamine. The second trace shows the simulation using
the best parameters from Table 3. The lowest traces show zoomed-in
parts of the experimental spectrum and the simulation.

16000
(e) Residue of (a) and (b)

T T
-20000 20000

Frequenc(;'/MHz
Fig. 5 Rotationally resolved electronic spectrum of band C of
S-methoxytryptamine. The second trace shows the simulation using
the best parameters from Table 3. The next two traces show zoomed-in
parts of the experimental spectrum and the simulation. The lowest
trace gives the residue of the experimental and the simulated spectrum.
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4. Discussion

The R2PI spectra of 5-methoxytryptamine show a considerable
number of bands, which belong to the clusters with water.
Differing from the tryptamine case a number of cluster bands
appear. Although the clusters with water are not the central
topic of this publication we also tried to record the rotationally
resolved spectra of the clusters. Unfortunately, we did not
succeed in getting any high resolution spectrum of the clusters
of methoxytryptamine with water. This is probably due to the
very different expansion conditions in the pulsed R2PI and the
continuous LIF experiment. Further work is on the way, to
adapt the expansion conditions in the cw experiment in order
to be able to record the high resolution spectra of the clusters
with water as well.

4.1 Assignment of the conformers

The assignment of the three origin bands of 5-methoxytryptamine
conformers to the structure only on the basis of their
rotational constants is difficult, because the calculated
differences within the Gpy, the Gph, and the Anti families
are small (¢f. Table 1), while the distinction between the
syn(OMe) and anti(OMe) structures poses no problems.
Table 4 gives the % values for the calculated and experimental
rotational constants for the four different Anti(OMe) gauche
conformers.

The assignment for band B, being due to the Anti(OMe)-
Gph(up) conformer from the y* value is straightforward. The
assignment of structures to bands A and C on the basis of the
least squares of the rotational constants only is not so
unambiguous, because both Gpy(out) and Gpy(up) structures
have small 5 values for the A as well as for band C.

Therefore, in addition to the least squares of the
calculated and the experimental rotational constants, we also
employed the differences of rotational constants between the
conformers under consideration and the inertial defects of the
conformers. Table 5 shows the differences of the experimental
rotational constants and inertial defect of conformers A and C
compared to the difference of the calculated Gpy(out) and
Gpy(up) rotational constants and their inertial defect. Since
differences of calculated rotational constants show less
errors as the absolute numbers, we present the differences
of the experimental and calculated rotational constants
between A and C in Table 5. The good agreement and the
correct sign show that this assignment is right. Note that a
reversed assignment would especially lead to switching of
the signs.

Table 4 5 values (Aexp — Acare) /0% + (Bexp — Beate) /05 + (Coxp —
Ceale)’/0%) obtained from experimental rotational constants (Aexps
Bexp, and Ceyp) and their standard deviations (64, 05, and o) from
Table 3 for the three different bands A, B and C and calculated
rotational constants (Acate, Beale» and Ceye) from Table 1 for the
Anti(OMe) conformers of Gpy(out), Gpy(up), Gph(out), and Gph(up)

Table 5 Ground state difference of the rotational constants (A4” =
A"(conformer A)-A"(conformer C); AB”, and AC”, respectively) and
difference of the inertial defect (AAI”) of conformer A and conformer
C (AAI" = Al'(conformer A)-AI"(conformer C)) compared to the
respective calculated difference of gauche pyrrole out and up obtained
from the DFT-D calculations

Gauche pyrrole

Experiment Calculated

conf.4—conf.C out-up
AA"MHz 14.1 14
AB’"/MHz —4.8 -5
AC"/MHz —1.1 -1
AAI"famu A? 3.0 1.69

4.2 Determination of the structure parameters

The determination of only three rotational constants for each
conformer allows of course only the determination of three
geometrical parameters, keeping all others fixed. We
performed a fit of angle o; (C8CINI10), the dihedral angles
dih, (C3C8CIN10), and dih; (C2C3C8CY) (cf. Fig. 1 for the
atomic numbering) with all other geometry parameters held
fixed at the values of the DFT-D optimized structures using the
program pKrFit.***! The resulting structural parameters in
Table 6 are ry parameters, incorporating the effects of zero-point
motions. Further investigations with other isotopomers have to
be performed to further refine these results.

4.3 Orientation of the transition dipole moment

The transition dipole moment (TDM) in all three conformers
is located in the ab plane, and oriented as shown in Fig. 6 and
Table 7. There are two possible orientations of the transition
dipole moment (I and II in Fig. 6), since the relative intensities
of the rovibronic bands in the experimental spectra depend on
the projection of the TDM onto the inertial axes. Comparing
this orientation to the results of DFT/MRCI calculations on
TDDFT/TZVP optimized structures,*® and to the orientation
of the transition dipole moment in the lowest electronically
excited state of tryptamine’ and 5-methoxyindole*? it is found
that orientation I is observed, which corresponds to that of
the L, state. Thus, like for tryptamine itself, the lowest
electronically excited state is L,. The experimental adiabatic
excitation energy for the Gph(up) conformers is 32734 cm™ !,
for Gpy(out) 32808 cm ™', and for Gpy(up) 32763 cm™".
They are compared in Table 7 to the excitation energies of
the respective tryptamine conformers. The relative excitation
energies have the same energetic ordering as in tryptamine,
thus further confirming the assignment of the absorption
features to the geometries of the described conformers.

Table 6 Fitted geometry parameters of the three S-methoxytrypt-
amine conformers studied in this work. For the definition of the angles
and dihedral angles ¢f. Fig. 1

oy dih, dihs
Conf. Gpy(out) Gpy(up) Gph(out) Gph(up) C8CIN10 C3C8CINI10 C2C3C8CY
A 30428 86171 1405272 1066519 Gpy(out) 111.08(20) —65.58(4) 102.23(2)
B 870580 648 966 44151 3115 Gph(up) 112.86(23) 68.85(3) 90.72(1)
C 9620 32606 1166582 856963 Gpy(up) 116.57(22) —63.38(4) 103.8(2)
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Fig. 6 Orientation of the transition dipole moment in the inertial frame of the Gph(up), Gpy(up), and Gpy(out) conformers of 5-methoxy-

tryptamine.

Table 7 Comparison of adiabatic excitation energies and transition dipole moment orientations in tryptamine and 5-methoxytryptamine

Tryptamine 5-Methoxytryptamine
(OMe) v Ayy ¢ 0 v Ay ¢ 0
Gph(up) 34832 0 81 14 32734 0 77 46
Gpy(up) 34896 64 72 22 32763 29 80 46
Gpy(out) 34916 84 72 14 32808 74 80 39

5. Conclusions

The rotationally resolved electronic spectra of three different
conformers of S-methoxytryptamine were analyzed and
assigned to the Gph(up) (band B), the Gpy(out) (band A),
and the Gpy(up) (band C) structures. Band D can be
tentatively assigned to the torsional motion t; of the
ethylamino side-chain of conformer A. The experimental
frequency is 36.6 cm™!, the calculated frequency (RIMP2/
TZVP) of the Gpy(out) conformer 39.2 cm™!. The same
vibrational band for the Gph(up) conformer is calculated to
be 42 cm ™! and shows very weakly up in the red wing of band
C, while for the Gpy(up) conformer it is calculated to be
36.9 cm™!, weakly showing up red to the origin of band A.
The origin bands of all three conformers belong to the 'L,
electronic state. Good agreement is found between the
experimental rotational constants and those extracted from
optimized structures, using dispersion corrected density
functionals. These structures closely resemble the experimentally
found ones, with an energy ordering of Gph(out) < Gpy(up)
< Gpy(out) < Gph(up) < Anti(ph) < Anti(py) < Anti(up).
This energetic ordering of conformers is the same that
LeGreve et al."” have found for the similar 5-hydroxytryptamine
system, showing the reliability of the dispersion correction for
examination of the conformational spaces of this class
of molecules. The three most stable structures are in good
agreement with the experiment.

In S5-methoxytryptamine only Anti(OMe) structures of the
methoxy group and gauche structures of the ethylamino side-
chain are found. Since tryptamine itself has already 7 low-lying
thermally populated conformers and the methoxy group in
S-methoxytryptamine adds one more conformational dimension
to this, one would expect to observe even more than 7
conformers. Instead, only 3 conformers of 5-methoxytryptamine
are found in the experiment. It is improbable that some of the

conformers have much shorter lifetimes which may prevent them
from being observed in a highly resolving experiment. Therefore,
the reason for the preferential stabilization of the gauche
conformers in methoxytryptamine must be a changed electro-
static interaction of the ethylamino side-chain with the indole
chromophore upon substitution with a methoxy group in
S-position.
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Abstract: The conformational space of tryptamine has been thoroughly investigated using rotationally
resolved laser-induced fluorescence spectroscopy. Six conformers could be identified on the basis of the
inertial parameters of several deuterated isotopomers. Upon attaching a single water molecule, the
conformational space collapses into a single conformer. For the hydrogen-bonded water cluster, this
conformer is identified unambiguously as tryptamine A. In the complex, the water molecule acts as proton
donor with respect to the amino group. An additional interaction with one of the aromatic C—H bonds
selectively stabilizes the observed conformer more than all other conformers. Ab initio calculations confirm
much larger energy differences between the conformers of the water complex than between those of the

monomers.

Introduction

Conformation of molecules plays an important role in
reactions of organic and biochemically relevant molecules. Still,
little is known about the effect of solvents on conformations,
in particular, in small systems. The conformational landscape
even of small aromatic molecules with an ethylamine side chain
like tryptamine comprises many structurally different, but nearly
equally stable conformations. Tryptamine possesses 27 con-
formers from three 3-fold rotations in and of the alkylamino
side chain (cf. Figure 1): two around the C—C single bonds,
and one around the C—N bond. In 9 of these 27 conformers,
the CqH>—NH, tail of the alkylamino group is oriented
perpendicular to the aromatic plane. These nine conformers have
been calculated to have energies considerably lower than those
of the remaining ones.! Surprisingly, the multitude of conformers
reduces to a single one upon complex formation with just one
water molecule.? In the present work, we study the reason for
this locking of the conformational variety to a single structure.
This is an interesting subproblem in the more general context
of the induced fit principle,® which describes the predisposition
of a flexible ligand toward a coordination partner or of the lock
and key principle,* which describes the static behavior of a
preorganized ligand toward one or more coordination partners.
A more flexible model for describing these kinds of confor-
mational complementarities has been proposed by Kumar et al.®

 Heinrich-Heine-Universitét.

 Radboud University Nijmegen.
(1) Carney, J. R.; Zwier, T. S. J. Phys. Chem. A 2000, 104, 8677.
(2) Sipior, J.; Sulkes, M. J. Chem. Phys. 1988, 88, 6146—6156.
(3) Koshland, D. E. Proc. Natl. Acad. Sci. U.S.A. 1958, 44, 98—123.
(4) Fischer, E. Ber. Dtsch. Chem. Ges. 1894, 27, 2985—2993.
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Figure 1. Atomic numbering and definitions of the geometry parameters
used in the fit. 7; is the dihedral angle defined by the atoms C,,C3,Cs,Co,
7, for C3,Cg,Co,Njg, and 73 for the dihedral angle Cg,Co,Njo,Hjqp, Where
Hiop designates the hydrogen atom that is closest to the indole ring.

All three models have far reaching implications for molecular
recognition processes.

Pioneering experimental work on the different conformers
of tryptamine was performed in a molecular beam using
rotationally resolved LIF spectroscopy by Philips and Levy at
a spectral resolution of 0.07 ¢m™'.° The triply deuterated
conformers were investigated by Wu and Levy” of the same
group. The conformers were analyzed using the rotational
constants® of undeuterated and deuterated tryptamines. Seven
different conformers were identified on the basis of rotational
contours and were named 4, B, C(1), C(2), D, E, and F.° A
conformational analysis of tryptamine was reported from

(5) Kumar, S.; Ma, B.; Tsai, C.-J.; Sinha, N.; Nussinov, R. Protein Sci. 2000,
9, 10—19.

(6) Philips, L. A.; Levy, D. H. J. Chem. Phys. 1988, 89, 85—90.

(7) Wu, Y. R.; Levy, D. H. J. Chem. Phys. 1989, 91, 5278—5284.

(8) The rotational constants determine the structure of the molecule in a given
electronic state since the rotational constant along the g-inertia axis of the
molecule (g = a, b, ¢) is defined as A4, = h/8x*l,, with I, the moment of
inertia along the g-axis.

(9) Park, Y. D.; Rizzo, T. R.; Peteanu, L. A.; Levy, D. H. J. Chem. Phys.
1986, 84, 6539—6549.
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rotational coherence spectra taken by Connell et al.!® Caminati
published the microwave structure of the 4 and B conformer of
tryptamine and made an assignment based on ab initio calcula-
tions.!! A more thorough investigation of all seven conformers
was given by Carney and Zwier based on resonant ion dip
infrared (RIDIR) spectra in the region of the CH alkyl stretch
vibrations and by UV—UYV hole-burning spectroscopy.

Carney and Zwier!' proposed a schematic nomenclature of
the nine tryptamine conformers with the CoH,—NH, tail out of
plane, based on the amino group positions relative to the indole
ring and the orientations of the amino group lone pair. We use
their nomenclature throughout this publication. The two con-
formations with the amino lone pair pointing downward to the
aromatic ring were found to be much less stable than the other
seven conformers. Recently, Dian et al. measured directly the
energy thresholds between the different conformers of tryptamine
using stimulated emission pumping-hole filling and stimulated
emission pumping-induced population transfer spectroscopy.'?

Microsolvated clusters of tryptamine have been less inves-
tigated than have the monomers. Park et al. found that the
multitude of conformations of tryptamine collapses into one
conformer upon complexation with methanol.” The binary water,
methanol, and ethanol clusters were investigated by Sipior and
Sulkes by LIF spectroscopy, and all were shown to collapse
into one prominent conformer peak.? Peteanu and Levy inves-
tigated the water, methanol, chloroform, and dioxane complexes
of tryptamine by two-color two-photon ionization spectros-
copy.'® They observed very different behavior of the dioxane
cluster compared to the water and methanol clusters. Rotational
constants for the cluster with one water molecule were reported
by Felker'* and Connell et al.!> using rotational coherence
spectroscopy on two isotopomers of the cluster. They deduced
a bridged cluster for the cluster with one water molecule. The
clusters with two and three water molecules were studied by
Carney et al. using RIDIR spectroscopy.'® They proposed that
the preference for a certain conformer is due to a water bridge
between the amino and the pyrrolic NH sites of the molecule
for clusters with more than one water molecule. We report here
a high-resolution laser-induced fluorescence study of the
complex of tryptamine with a single water molecule and the
origin of the conformational locking in this cluster.

Techniques

Experimental Procedures. The experimental setup for the rota-
tionally resolved LIF is described elsewhere.!” Briefly, it consists of a
ring dye laser (Coherent 899-21) operated with rhodamine 110, pumped
with 6 W of the 514 nm line of an Ar" ion laser. Its output is coupled
into an external folded ring cavity (Spectra Physics) for second harmonic
generation (SHG). The molecular beam is formed by co-expanding
tryptamine, heated to 160 °C and argon (250—500 mbar, see below)
through a 100 #m nozzle into the vacuum. The molecular beam machine
consists of three differentially pumped vacuum chambers that are

(10) Connell, L. L.; Corcoran, T. C.; Joireman, P. W.; Felker, P. Chem. Phys.
Lett. 1990, 166, 510—516.

(11) Caminati, W. Phys. Chem. Chem. Phys. 2004, 6, 2806—2809.

(12) Dian, B. C.; Clarkson, J.; Zwier, T. S. Science 2004, 303, 1169—1173.

(13) Peteanu, L. A.; Levy, D. H. J. Chem. Phys. 1988, 92, 6554—6561.

(14) Felker, P. M. J. Phys. Chem. 1992, 96, 7844—7857.

(15) Connell, L. L.; Corcoran, T. C.; Joireman, P. W.; Felker, P. J. Phys. Chem.
1990, 94, 1229—1232.

(16) Carney, J. R.; Dian, B. C.; Florio, G. M.; Zwier, T. S. J. Am. Chem. Soc.
2001, 723, 5596—5597.

(17) Schmitt, M.; Kiipper, J.; Spangenberg, D.; Westphal, A. Chem. Phys. 2000,
254, 349—-361.

linearly connected by skimmers (1 and 3 mm, respectively) in order to
reduce the Doppler width. The molecular beam is crossed at right angles
in the third chamber with the laser beam 360 mm downstream of the
nozzle, and the resulting fluorescence is collected perpendicular to the
plane defined by laser and molecular beam by an imaging optics. The
Doppler width in this setup is 25 MHz (fwhm). A photomultiplier tube
detects the integrated molecular fluorescence, and its output is
discriminated and digitized by a photon counter and transmitted to a
PC for data recording and processing. Relative frequencies are
determined with a quasi confocal Fabry—Perot interferometer with a
free spectral range (FSR) of 149.9434(56) MHz. The absolute frequency
was obtained from a recording of the iodine absorption spectrum and
comparing it to the tabulated lines.'®

Tryptamine was purchased from Merck Schuchard (p.A.) and used
without further purification. The mixed isotopomers were produced by
refluxing tryptamine with a 3-fold excess of DCI (38%) for 1 h. The
solution was then neutralized using a solution of NaOD in D,O, and
washing the precipitation twice with D,O. The precipitation was then
dried over silica gel and stored under nitrogen. This resulted in a more
or less equal amount of the different deuteration grades. The triply
deuterated isotopomer could be produced nearly exclusively by co-
expanding the tryptamine with D,O, kept at 0 °C. Higher water
temperatures led to strong signal reduction due to the formation of the
water cluster, and lower temperatures resulted in mixed isotopomers.
Another explication for the signal decrease at higher temperatures of
the D,O sample might be deuterium exchange also in positions of the
benzene ring, as has been shown to take place under comparable
conditions for 4-hydroxyindole.!”” Nevertheless, the aromatic CH-
deuterated isotopomers have generally a quite large shift and are well
outside the observed spectral range.

Computational Methods

Ab Initio Calculations. The structures of the conformers of
tryptamine in the electronic ground state have been optimized at the
MP2/6-311G(d,p) level with the Gaussian 98 program package (revision
11).2° The SCF convergence criterion used throughout the calculations
was an energy change below 10~® Hartree, while the convergence
criterion for the gradient optimization of the molecular geometry was
dE/3r < 1.5 x 107> Hartree/Bohr and 8E/d¢ < 1.5 x 1073 Hartree/
degree, respectively. Two conformers with the amino lone pair pointing
down to the ring have been shown by Carney et al.! to be much higher
in energy and have not been further investigated here. Vibrational
corrections have been made using the ZPE from B3LYP/6-311G(d,p)
calculations. The water cluster is optimized at the MP2/6-311G(d,p)
level of theory. The starting geometries for the structure optimizations
have been obtained by attaching a water to all seven conformers at
four different positions: to the pyrrolic NH group, acting as proton
donor, to both amino hydrogen atoms, acting as proton donors, and to
the N atom of the amino group, acting as proton acceptor. Thus, 28
different starting geometries have been used. Their relative energies
were investigated at the HF/6-311G(d,p) level. The amino group
acceptor structures of each conformer have then been further refined
at the MP2/6-311G(d,p) level of theory. Basis set superposition errors
were corrected using the counterpoise method of Boys and Bernardi,?!
and zero-point energy corrections have been performed with the
vibrational frequencies of a B3LYP/6-311G(d,p) normal-mode analysis
using analytical gradients.

Genetic Algorithms. A fit using genetic algorithms (GA) mimics
the concepts of natural reproduction and selection processes. For a
detailed description of the GA, the reader is referred to the original
literature on evolutionary or genetic algorithms.?>~24

(18) Gerstenkorn, S.; Luc, P. Atlas du spectre d absorption de la molécule d'iode
CNRS, Paris, 1982.

(19) Huang, Y.; Sulkes, M. Chem. Phys. Lett. 1996, 254, 242—248.

(20) Frisch, M. J. et al. Gaussian 98, revision a.11; Gaussian, Inc.: Pittsburgh,
PA, 2001.

(21) Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553.
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The molecular parameters are encoded binary, each parameter to be
optimized representing a gene. A vector of all genes, which contains
all molecular parameters, is called a chromosome. In an initial step,
the values of all parameters are set to random values between lower
and upper limits, which are chosen by the user. The quality of the
solutions then is evaluated by a fitness function. A proper choice of
this fitness function is of vital importance for the success of the GA
convergence. In refs 25 and 26, the fitness function Fy, has been defined
as:

(tg)
=08 1
Fe =m0 g M

Here, f and g are the vector representations of the experimental and
calculated spectrum, respectively. The inner product (f,g) is defined
with the metric W, which has the matrix elements W; = w(|j — i|) =
w(r) as:

(ftg) =1"Wg ()

and the norm of f as [|f|| = +/(f,f); similar for g. For w(r), we used a
triangle function®® with a width of the base of Aw:

1 1
vy =10 \rl/(ZAw) for 1] <3 Aw )

0 otherwise

One optimization cycle, including evaluation of the fitness of all
solutions, is called a generation. Pairs of chromosomes are selected
for reproduction, and their information is combined via a crossover
process. Since crossover combines information from the parent genera-
tions, it basically explores the error landscape. The value of a small
number of bits is changed randomly by a mutation operator. For the
simulation of the rovibronic spectra, a rigid asymmetric rotor Hamil-
tonian was employed.?’

Results

The Tryptamine Monomer. Figure 1 shows the atomic
numbering used for designation of the isotopomers and the
clusters used in this publication. The rotationally resolved
electronic origin of the 4 conformer of tryptamine at 34915.64
cm™! is shown in Figure 2 along with a fit based on the genetic
algorithms (GA). The technique has been shown before to work
reliably even for strongly overlapping bands, where a standard
assigned fit would be impossible.?>2° The origin band is a hybrid
with mainly a-type character.

Table 1 reports the molecular parameters obtained from the
fit and the comparison to previously reported constants of the
A conformer, either from microwave spectroscopy for the
electronic ground state'! or from LIF spectroscopy for ground
and excited states.® 4”, B”, and C” designate the rotational
constants in the electronic ground state, A, B’, and C” are those
of the excited state. A4, AB, and AC are the changes of the
rotational constants upon electronic excitation.® 6 and ¢ are the
spherical coordinate angles of the transition moment vector in

(22) Holland, J. H. Adaption in Natural and Artificial Systems; MI, The
University of Michigan Press: Ann Arbor, MI, 1975.

(23) Goldberg, D. E. Genetic Algorithms in Search, ()pnmlxan()n and Machine
Learning; Addison-Wesley: Reading, MA, 1989.

(24) Rechenberg, 1. Evolutionsstrategie: Optimierung technischer Systeme nach
Prinzipien der biologischen Evolution; Frommann-Holzboog: Stuttgart,
Germany, 1973.

(25) Hageman, J. A.; Wehrens, R.; de Gelder, R.; Meerts, W. L.; Buydens, L.

M. C. J. Chem. Ph}s 2000 ]]3 7955—7962.

(26) Mccrts W. L.; Schmitt, M.; Groenenboom, G. Can. J. Chem. 2004, 82,
804—819.

(27) Allen, H. C.; Cross, P. C. Molecular Vib-Rotors; Wiley: New York, 1963.
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Flgure 2. Rovibronic spectrum of the electronic origin of tryptamine A
at 34915.64 cm™!. The upper trace shows the experimental spectrum,
the following shows the simulation with the best molecular parameters
from the GA fit. The following traces present an enlarged portion of the
spectrum.

the molecular fixed frame (a, b, ¢). The u,, tp, and u. designate
the components of the transition dipole moment to the inertial
axis of the cluster.® They are given for comparison to the
respective parameters in ref 6. T (ns) is the excited-state lifetime,
calculated from the Lorentzian width. The ground-state rotational
constants of the 4 and B conformers agree within their
uncertainties with the microwave values from Caminati.'!
Deviations are due to the implicitly higher accuracy of the
microwave data and the utilization of a different Hamiltonian,
including centrifugal distortion in ref 11. The deviations to the
ground-state rotational constants from Philips and Levy range
between 50 MHz for the A rotational constant of the A4
conformer to 170 MHz for the 4 rotational constant of the £
conformer.® Given the small differences between the rotational
constants of the conformers, an unambiguous assignment to the
respective structures requires the accuracy of nearly fully
resolved rovibronic spectra. On the other hand, the differences
of the rotational constants upon electronic excitation agree very
well with the previously reported values of Philips and Levy.°
The quite large deviations in the ground-state rotational constants
are mainly due to the lower resolution (75 MHz) in the
experiments of ref 6. Convolution of our spectra with an
additional contribution of about 70 MHz made the assignment
quite hard, even for the automated GA technique described
above.

Since three rotational constants are not sufficient to give an
unambiguous assignment to which conformation band 4 be-
longs, we recorded the spectra of several deuterated isotopomers.
Deuteration with DCI as described in the experimental proce-
dures section in Techniques resulted in a mixture of up to eight
different isotopomers. Under these conditions, the highest
deuteration grade which can be achieved is the triply deuterated
ds. If all deuteration grades are formed, the spectrum of each
conformer consists of the undeuterated, three different singly
deuterated, three different doubly deuterated, and one triply
deuterated isotopomer. With the atomic numbering given in
Figure 1, these eight isotopomers are tryptamine, [lb-D]-
tryptamine-d|, [10a-D]tryptamine-d;, [10b-D]tryptamine-d|, [1b-

(28) The components of the transition dipole moment along the inertial axis
are defined by: u, = u sin ¢ cos 0, u, = u sin ¢ sin 0, and u. = p cos ¢.
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Table 1. Molecular Parameters for the Conformers A—F of Tryptamine Determined from GA Fits, as Described in the Text

Aband Bband Cband Dband Eband F band

this work ref 11 ref 6 this work ref 11 ref 6 thiswork  ref 6 this work ref6  this work ref6  this work  ref6
A” (MHz) 1731.02  1730.197 1783.8 171025  1709.438 1777.8 1594.16 1767.74  1933.6 1761.40  1930.7 1605.11 1636.9
B”(MHz)  682.04 681.86 6745  682.22 681.87 6655  755.84 617.78 611.6 614.75 608.6 737.84 722.5
C”(MHz)  551.56 55148  551.6  551.10 550.84  548.6  561.39 477.00 473.6 475.58 473.6  561.51  584.6
0(°) 71.92 7225 76.85 75.03 77.43 80.71
¢ (°) 14.24 2228 18.17 5.54 10.90 13.92
Ua 0.9234 0.88 0.8812 0.88 0.9317 0.9246 0.85 0.9185 0.85 0.9176 0.77
us 0.2271 0.37 0.3611 0.37 0.2634 0.0087 0.32 0.0341 032 0.0564 0.42
Uuc 0.3093 —0.29 0.3050 —0.29 0.2502 0.0667 —0.42 0.0474 —0.42 0.0261 —0.47
Aror. (MHz) 253 29.9 243 32.08 25.5 252
7 (ns) 6.2 53 6.5 5.0 6.2 6.3
A’ (MHz) 1724.02 1777.8 1703.62 1783.8 1587.38 1754.07 1918.7 1748.47 1915.7 159277 1624.9
B’ (MHz) 672.68 6655  672.92 6745  743.08 612.34 605.6 609.26 602.6 72849  716.5
C’ (MHz) 544.58 545.6 544.54 554.6 554.20 473.44 470.7 472.16 470.7 555.25 572.6
A4 (MHz)  —7.00 —6.0 —6.63 —6.0 —6.78 —13.67 —149 -129 —15.0 —1234 -—12.0
AB(MHz)  —9.36 —9.0 —9.30 —9.0 —12.76 —5.44 —6.0 =55 —6.0 —9.35 —6.0
AC(MHz)  —6.98 —6.0 —6.56 —6.0 =7.19 —3.56 —3.0 —34 3.0 —626 —12.0
D][10a-D]tryptamine-d,, [1b-D][10b-D]tryptamine-d,, [10a-D]- ine A, Experiment

[10b-D]tryptamine-ds, and [1b-D][10a-D][10b-D]tryptamine-ds.
For the A conformer, we were only able to observe seven out
of the eight possible isotopomers. Using the mixed deuteration
grades, a serious problem arises for the assignment of single
rovibronic lines, due to strong overlap of the different isoto-
pomeric origins. Using the GA, it is possible to automatically
fit several bands simultaneously, as we have shown for the
overlapping origins of phenol—nitrogen clusters?® and differently
deuterated azaindoles.®® Figure 3 shows the experimental
spectrum of the seven isotopomers of the 4 conformer together
with the fit of all bands and the individual results for each origin
band.

To verify the correctness of the rotational constants derived
from the spectrum of Figure 3, we selectively produced the triply *
deuterated tryptamine as described in the experimental proce- 4
dures section of Techniques. The fit to this single spectrum
reproduced the values obtained from the overall fit of all '
isotopomers. The resulting inertial parameters of all isotopomers
are given in Table 2 and will be used in this section for the
determination of the exact conformation of each conformer.
Since seven different isotopomers contribute a total of 21 ‘ "
rotational constants, sufficient information for an unambiguous
assignment is present.

A very good agreement between simulation and experiment » J
is also observed for the electronic origin of the B conformer at ——
34895.91 cm™! given in Figure 4. The resulting rotational
constants are compiled in Table 1.

For the B conformer, all eight possible isotopomers (vide - Aaull
infra) could be observed. As in the case of the 4 conformer, ) . 0 . 50000 - ?ooom[MHz]

.. .. . . Figure 3. Rovibronic spectra of the electronic origins of seven isotopomers

the origins overlap strongly due to similar zero-point energies of the A conformer of tryptamine.
in the ground and excited states of the isotopomers. The spectra
are shown in Figure 5; the resulting rotational constants of all
isotopomers are given in Table 2. Again, like for conformer A4,
the results for the rotational constants were cross-checked against
the triply deuterated B conformer, produced selectively by the
method described above.

The spectra of the undeuterated and triply deuterated C, D,
E, and F conformers are shown in the Supporting Information.
Here, we will report only the molecular constants that were

i

obtained from the GA assigned spectra. The electronic origins
of the C (34879.22 cm™") and D conformers (34884.26 cm™")
are spectrally very close, so that the mixed deuterated isoto-
pomers would overlap even between the two different conform-
ers. For this reason, we took only the undeuterated and triply
deuterated spectra. The electronic origins of the spectra of the
ds-C (34885.80 cm™!) and ds-D conformers (34886.32 cm™")
are even closer and overlap considerably. Also, here, the GA
made it possible to fit both subspectra independently. Philips

(29) Schmitt, M.; Ratzer, C.; Meerts, W. L. J. Chem. Phys. 2004, 120, 2752— and Levy® and Carney et al.! reported the existence of two
2758. : o

(30) Schmitt, M.; Ratzer, C.; Kleinermanns, K.; Meerts, W. L. Mol. Phys. 2004, different origins of the C' conformer, namely, C(1) and C(2).
102, 1605—1614. The two C conformers were identified by Philips and Levy
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Table 2. Rotational Constants for the Isotopomers of the Tryptamine Conformers A—F. Conformers with an Asterisk Had Larger
Uncertainties in the Inertial Parameters and were Excluded from the Structural Fits (Rotational Constants Are Given in MHz, and the Origin

Frequencies in cm™1)

conformer isotopomer A’ B” c” A B [of vy
A hs3 1731.02 682.04 551.56 1724.02 672.68 544.58 34915.04
[la-D] 1683.25 682.41 546.52 1675.83 672.75 539.66 34917.20
[10a-p] 1709.03 667.03 543.53 1702.37 658.08 536.82 34916.30
[10b-D] 1712.32 675.26 548.85 1706.28 665.69 541.82 34917.27
[la-D][10a-D] 1685.30 671.65 542.79 1681.36 662.71 535.49 34918.84
[la-D][10b-D]* 1676.44 671.58 538.31 1673.41 662.32 527.94 34917.87
d3 1646.11 659.05 534.89 1640.28 649.8 528.27 34919.47
B hs 1710.25 682.22 551.10 1703.62 672.92 544.54 3489591
[1a-D] 1661.92 681.38 545.19 1655.52 671.68 538.85 34897.66
[10a-p] 1701.67 667.02 541.27 1695.50 657.87 534.75 34894.89
[10b-D] 1694.79 674.03 547.37 1688.44 664.74 540.73 34896.85
[la-D][10a-D]* 1657.24 673.39 541.89 1651.83 664.06 535.37 34898.49
[la-D][10b-D]* 1640.31 678.05 559.93 1631.19 675.62 556.19 34897.55
[10a-p][10b-D] 1689.51 661.71 537.75 1683.13 652.48 531.26 34896.74
d3 1641.98 659.18 533.12 1636.75 650.06 526.69 34898.38
C h3 1594.16 755.84 561.39 1587.38 743.08 554.20 34879.22
d3 1509.11 737.12 54522 1503.43 724.67 538.28 34885.80
D h3 1767.74 617.78 477.00 1754.07 612.34 473.44 34884.26
d3 1648.46 584.20 454.74 1635.78 579.25 451.61 34886.32
E hs 1761.40 614.75 475.58 1748.47 609.26 472.16 34868.34
d3 1650.34 557.33 429.34 1630.52 542.65 418.75 34869.98
F h;3 1605.11 737.84 561.51 1592.77 728.49 555.25 34831.95
d3 1522.25 725.63 546.97 1511.10 716.32 540.71 34838.31
Tryptamine B Experiment
Simlati

9000 10000 11000 [MHz]

Figure 4. Rovibronic spectrum of the electronic origin of tryptamine B
at 34895.91 cm™!. The upper trace shows the experimental spectrum,
the following shows the simulation with the best molecular parameters
from the GA fit. The following traces present an enlarged portion of the
spectrum.

through their different Q-branches in the rotationally resolved
LIF spectrum, approximately 0.6 cm™! apart. This finding was
confirmed by Carney et al.! via different resonant ion dip
infrared (RIDIR) spectra taken through two vibronic bands that
were shown to belong to the C spectrum by UV—UV hole-
burning. We carefully scanned the respective region of the C
conformer, but we were able to identify only one band,
absorbing in this range in contrast to the findings of Philips
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Figure 5. Rovibronic spectra of the electronic origins of the fully protonated
and seven deuterated isotopomers of the B conformer of tryptamine. Trace
a shows the experimental spectrum, and the other traces show the
simulations of the individual isotopomers. The electronic origin of the
undeuterated tryptamine B, shown in trace c, is at 34895.91 cm™!. Trace b
represents the isotopomer [10b-p]tryptamine-d;, trace d [1b-p][10a-D]-
tryptamine-dh, trace e [ 1b-D]tryptamine-d|, trace /[ 1b-D][ 10b-D]tryptamine-
d», trace g [10a-D]tryptamine-d|, trace /4 [1b-D][10a-D][10b-D]tryptamine-
ds, and trace i the [10a-D][10b-D]tryptamine-d> isotopomer.

and Levy® and Carney et al.! The signal-to-noise ratio in our
experiment would have allowed for the detection of a band at
least by a factor of 50 smaller than the origin of the C conformer
at 34879.22 cm™!. We changed the expansion conditions over
a large range in order to rule out the possibility that different
cooling conditions in the molecular beam were responsible for



Conformational Locking of Tryptamine

ARTICLES

Table 3. Comparison of Rotational Constants of the MP2/6-311G(d,p) Optimized Structures of Seven Conformers of Tryptamine with the

Experimentally Determined Rotational Constants

Gpy(out) Gpy(up) anti(py) Gph(out) anti(ph) anti(up) Gph(up)
Ere1. (kJ/mol) 0.4083 0.5445 6.8644 0 6.8143 5.6123 1.3709
A” (MHz) 1729.9 1711.5 1767.0 1578.9 1756.2 1753.2 1588.7
B” (MHz) 687.4 686.8 614.7 772.0 619.1 616.0 753.5
C” (MHz) 556.6 5559 476.7 564.8 4783 476.9 566.9
experiment A B D C E F
A” (MHz) 1731.02 1710.25 1767.74 1594.16 1761.40 1605.11
B” (MHz) 682.04 682.22 617.78 755.84 614.75 737.84
C” (MHz) 551.56 551.10 477.00 561.39 475.58 561.51

the “disappearance” of the second C band. Under no experi-
mental conditions, we could find any trace of an additional band
with a Q-branch around 34879.2 + 0.6 cm™'.

The electronic origins of the E (34868.34 cm™!) and F
(34831.95 cm™!) conformers are much weaker than the 4 and
B origins. Therefore, we were only able to record the undeu-
terated and the triply deuterated conformers. Nevertheless, the
six rotational constants for each conformer are sufficient for an
unambiguous assignment of the structure, which needs, in
principle, only three rotational constants for the three dihedral
angles. The parameters from the best fits are given in Table 1.
The spectra of the £ and F' conformers were taken at consider-
ably lower backing pressures than the other conformers. The
optimum expansion conditions for observation of conformers
A to D were 500 mbar of Ar and a temperature of the tryptamine
sample container of 160 °C. Optimum conditions for the £ and
F conformers were at a backing pressure of 200—250 mbar.

Comparison of the rotational constants of the undeuterated
tryptamine conformers with the results of ab initio calculations
gives a first clue to the assignment to a specific structure. Table
3 compares the rotational constants of the optimized MP2/6-
311G(d,p) structures with the experimentally obtained rotational
constants. The best agreement is found by relating band 4 to
the Gpy(out) conformer, band B to Gpy(up), band D to anti-
(py), band C to Gph(out), band E to anti(up), and band F' to
Gph(up). This assignment agrees with the findings of Carney
et al. but is still not able to remove their ambiguity in the
distinction of the anti(ph) and anti(py) structures. Therefore,
the information has to be combined with the rotational constants
of the deuterated isotopomers. This will be performed in the
following section. Figure 6 shows the six observed conformers.

A comparison of the relative energies of the seven conform-
ers, calculated in this study at MP2/6-311G(d,p), with the
B3LYP/aug-ccVTZ results of Carney and Zwier shows impor-
tant differences. The energies of all anti conformers are quite
similar, while the energies of the gauche conformers differ
considerably between both methods. For the correlated MP2
method, the Gph(out) conformer becomes the most stable one,
while this conformer is only the third most stable one at density
functional level. Of course, one would expect the largest
differences for the conformers with a potential interaction
between the amino group and the aromatic ring. This is the case
for all gauche conformers, but not the anti conformers. The
relative intensities of the individual tryptamine bands in the low-
resolution spectra of refs 6 and 1 seem to favor energetically
the Gpy(out) (4) and the Gpy(up) (B) conformers over the Gph-
(out) (C) conformer. Nevertheless, this comparison of relative
intensities relies on the assumption of equal or nearly equal
oscillator strengths for all conformers. It is well-known that the

= % 0

B Gpy(up)

E Anti(u})

Figure 6. Structure of the six tryptamine conformers identified in the
rovibronic analysis of the present publication. Gpy represents conformers
in which the amino group position is gauche to the pyrrole side of the indole
ring. Anti is for a position anti to the indole ring, and Gph for a position
gauche to the phenyl side. The orientations of the amino lone pair are
designated by “out” and “py”, depending on the direction of the lone pair
of the amino group with respect to the rings (+60°), or “up” (180°). This
nomenclature follows the suggestion of Carney and Zwier.!

orientation of the transition dipole moment depends strongly
on the conformational orientation of a flexible group, attached
to a benzene chromophore.?!32 This interaction takes place both
by “through bond” and “through space” interactions.

Determination of the Monomer Structure Parameters. The
program pKrFit*} was used to determine the structure of the
tryptamine isotopomers and the water cluster in the electronic
ground state. We performed a structural fit for the different
conformers, in which the different vibrational contributions from
the different isotopomers are completely neglected and which
is based on the following assumption:

Iy= Iﬁgid(”o) 4)

In this equation, the three I§ are the (experimentally deter-
mined) zero-point averaged moments of inertia with respect to
the inertial axes g. The function /7 4(ro) is calculated from the
structural parameters 7y using rigid-molecule formulas. The
resulting structure is called the ro-structure.

(31) Kroemer, R. T.; Liedl, K. R.; Dickinson, J. A.; Robertson, E. G.; Simons,
J. P.; Borst, D. R.; Pratt, D. W. J. Am. Chem. Soc. 1998, 120, 12573—

12582.

(32) Richardson, P. R.; Bates, S. P.; Jones, A. C. J. Phys. Chem. A 2004, 108,
1233—1241.

(33) Ratzer, C.; Kiipper, J.; Spangenberg, D.; Schmitt, M. Chem. Phys. 2002,
283, 153—169.

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10361



ARTICLES

Schmitt et al.

Table 4. Results of the Structural Fits of the Tryptamine
Conformers for the Electronic Ground State (Dihedral Angles 71 —
73 Are Defined in Figure 1)

A B D D Cc E F
Gpy(out) ~ Gpy(up)  antipy)  anti(ph) ~ Gph(out)  anti(up)  Gph(up)
T 101.9 103.7  104.7 104.6 93.1 107.6 85.5
7 —639 —653 1795 182.3 63.5 —11.2 62.8
73 75.1 —59.1 1188 —147.1 166.6  —102.0 —40.6
Ve 4 4 6 4 4 10 3

The first step was a simulation of the rotational constants
for the different isotopomers, based on the results of the ab initio
calculations described above. The assignment of the different
isotopomers of the A4 conformer is very straightforward since
the differences between calculated and experimental rotational
constants are small. Starting with the known isotopomers, hs
and ds, it was possible to assign all other isotopomers. The
assignment of the bands in the order of their appearance in the
spectrum is given in Table 2. In all cases, the agreement between
the rotational constants of the isotopomers predicted from the
ab initio structures is stunning. The next step is the determination
of the structural Z-matrix parameters to be fit to the rotational
constants. The first choice is, of course, the dihedral angles,
which determine the position and orientation of the amino group.
Therefore, the three dihedral angles, 71, 72, and 73 (cf. Figure 1
for definition), have been varied to fit the rotational constants.
Table 4 presents the results for the best ground-state structure.

The Tryptamine—Water Cluster. Low-resolution spectra
showed that despite the richness of the potential energy
landscape of the tryptamine monomer, only a single band at
34957 cm~! appears upon addition of water,? which can be
attributed to the binary water cluster. The water molecule might
attach to each of the seven conformers that have similar energies
in the ab initio calculations. Four attaching positions of the water
molecules have been considered for the starting geometries: the
pyrrolic NH group, which acts as proton donor with respect to
the water molecule, the amino group, which might act with each
of its H-atoms as proton donor, and the amino group, which
might act as a proton acceptor. Without considering any van
der Waals bound structures, there are 28 different geometries
possible. Nevertheless, only one shows up in the high-resolution
UV spectrum. Figure 7 shows the rotationally resolved spectrum
of the electronic origin of tryptamine—water at 34 957.11 cm™!.
The molecular parameters obtained from the GA fit of this
spectrum are given in Table 5 and are compared to the values
obtained by Felker'# and Connell and Felker! using rotational
coherence spectroscopy. The angle 6 of 23 °, given in ref 14
for the angle of the TDM with the a-axis, has been converted
into components of the TDM along the inertial axes in Table 5
for better comparison.

Comparison of the experimental rotational constants with
rotational constants of Hartree—Fock optimized structures (Table
6) reveals that only the Gpy(out) conformer with the water
binding as proton donor to the amino group (Figure 6) can be
responsible for the observed band. All other calculated rotational
constants are too far off to be considered. In the Hartree—Fock
calculations, not all 28 starting geometries converged into an
equivalent structure. Clusters in which the H-atom of the amino
group that is pointing in direction of the aromatic ring acts as
proton donor with respect to the water do not converge at all.
Clusters in which the H-atom of the amino group is pointing
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Figure 7. Rovibronic spectrum of the electronic origin of tryptamine—
water at 34957.11 cm™! along with the simulation using the best parameters
given in Table 5.

Table 5. Molecular Parameters for the Tryptamine—Water Cluster
Determined from GA Fits, as Described in the Text. A, B, and C
are the Rotational Constants of the Molecule in the Ground State.
AA, AB, and AC are the Changes of the Rotational Constants
upon Electronic Excitation® (ua, ub, and u. Designate the
Components of the Transition Dipole Moment to the Inertial Axis of
the Cluster, and 7 (ns) Is the Excited State Life Time)

tryptamine—water this work ref 14
A” (MHz) 1465.78 1465
B” (MHz) 483.43 479
C” (MHz) 397.99 379
Ua 0.8063 0.847
Up 0.0221 0.153
Ue 0.1715 0
7 (ns) 4.8
A4 (MHz) —6.82
AB (MHz) —4.71
AC (MHz) —3.72

away from the aromatic ring converge for all Gph and Gpy
conformers into the respective structure, while for all anti
conformers, they converge into the structure with the amino
group being proton acceptor. It is intriguing that the calculated
energy differences between the conformers complexed with a
single water molecule are much larger than those for the
respective monomers.

To investigate the physical origin of the structural selection
by microsolvation of tryptamine with one water molecule we
reoptimized the most stable Hartree—Fock structure for each
conformer with Meller—Plesset perturbation theory. The results
of the ab initio calculations are summarized in Table 6. The
energy differences between the different conformer clusters are
much larger than those for the respective monomers using the
same method and basis set. If one expresses the energy
differences in temperature units, the observed monomer energies
differ by less than k7 at room temperature, while for the
complexes, the energy differences grow much larger than A7 at
room temperature. What is the reason for the pronounced
stabilization of the 4 conformer with respect to all other
conformers upon water complexation?

Figure 8 shows the structure of the most stable water cluster.
The distance between the O-atom of the water moiety and Ha,
at the pyrrole moiety of the indole ring (cf. Figure 1 for atomic
numbering of the monomer) is only 238.1 pm. This is already
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Table 6. HF/6-31G(d,p) Optimized Structures of Different Tryptamine—Water Clusters. The Numbers in Parentheses Give the MP2/
6-311G(d,p) Values Where Applicable. The Relative MP2 Energies Contain Corrections of the Basis Set Superposition Error Using the
Counterpoise Method of Boys and Bernardi2' and Zero-Point Energy Corrections

Gpy(out) Gpy(up)
NH(py) NHy(a) NHy(d) NH(py) NH;(a) NH;(d)
E,q. (kJ/mol) 12.535 0(0) 17.140 14.291 11.313 (8.088) 24325
A” (MHz) 917.0 1469.4 (1483.0) 1160.8 804.1 1163.9 (1079.8) 1399.7
B” (MHz) 548.7 470.8 (488.2) 566.2 591.0 412.9 (490.3) 445.7
C” (MHz) 373.0 387.0 (402.7) 524.4 370.3 356.4 (397.9) 365.4
anti(py) Gph(out)
NH(py) NHy(a) NH,(d) NH(py) NHy(a) NHy(d)
Ee. (kJ/mol) 15.294 10.58 (13.228) 14.526 5.457 (4.354) 16.832
A” (MHz) 1035.8 1629.3 (1584.0) 1003.0 1058.7 (1095.1) 1047.1
B” (MHz) 466.1 377.0 (402.2) 538.6 602.4 (617.9) 643.9
C” (MHz) 3327 316.8 (330.9) 375.8 420.4 (437.2) 523.1
anti(ph) anti(up)
NH(py) NH,(a) NH,(d) NH(py) NHa(a) NH(d)
Eye1. (kJ/mol) 15.345 8.149 (12.425) 15.472 12.784 (13.183)
A” (MHz) 1038.6 1169.1 (1185.7) 1031.7 1342.2 (1231.8)
B” (MHz) 466.4 509.7 (522.1) 466.4 341.6 (386.9)
C” (MHz) 3332 373.1 (381.1) 3329 304.6 (346.9)
Gph(up)
NH(py) NHa(a) NHy(d) experiment
Eq. (kJ/mol) 16.035 12.694 (7.099) 23.826
A” (MHz) 968.2 1231.5 (1247.8) 1065.1 1465.81
B” (MHz) 542.8 405.5 (430.6) 621.8 483.37
C” (MHz) 378.1 351.1(371.0) 520.3 398.02

Figure 8. Structure of the tryptamine—water complex in the electronic
ground state obtained from the fit of the water distance and the water
orientation to the experimentally determined rotational constants. The lower
half gives a back-view of the complex. The fitting procedure is described
in detail in the Supporting Information.

a distance that allows for a weak hydrogen bond, thus selectively
stabilizing this conformer. What about the other conformers?
Clusters of water with conformers in which the amino lone pair
is pointing up do not have the possibility to form an additional
hydrogen bond. The same holds for all anti structures in which
the ethyl amino side chain points away from the indole ring
system.

Thus, the only two structures which might be additionally
stabilized are Gpy(out) (the A4 conformer) and Gph(out) (the C
conformer). In case of the C conformer cluster, the additional
stabilizing interaction takes place between the water O-atom
and Ha, at the benzene moiety of the indole ring. The hydrogen

bond distance is larger (248.4 pm), explaining the lower stability
of this cluster relative to the 4 conformer cluster. The stronger
bonding interaction in the 4 conformer cluster reflects the
increased acidity of the C;—H bond compared to that of the
C4—H bond.

Determination of the Cluster Structure Parameters. Since
the ab initio calculations guided us in deciding which conformer
is present in the water cluster, we determined the structural
parameters only for the Gpy(out) geometry with the water
molecule attached to the amino group, which acts as acceptor
in this cluster. The three rotational constants have been used
for a fit of the Oyae:N distance, the OyaerNCq angle, and the
OuwateeNCoCp dihedral angle. The structures of the tryptamine
and water moieties have been kept fixed at the respective
monomer geometries. A hydrogen bond length of 301.3 pm and
a nearly linear hydrogen bond was obtained from the fit. This
value is similar to the Oy,erN hydrogen bond lengths of the
ammonia—water complex (298.3 pm)** and the aniline—water
complex (303 pm).3> The structure shown in Figure 8 is very
similar to the structure that was derived by Felker'* and Connell
and Felker'? based on the rotational constants of the normal
isotopomer and the ds-tryptamine—D,O cluster, which were
obtained by rotational coherence spectroscopy.

Conclusions

It is surprising that the microsolvation of tryptamine with a
single water molecule freezes out one specific conformer of the
possible 27 in tryptamine. While the barriers separating the
individual conformers that can be observed in the experiment
amount to several times the thermal energy k7 at room
temperature, the energy difference between these isotopomers

(34) Herbine, P.; Dyke, T. R. J. Chem. Phys. 1985, 83, 3768—3774.
(35) Spoerel, U.; Stahl, W. J. Mol. Struct. 1998, 190, 278—289.
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is smaller than or of the order of the magnitude of A7. Thus, if
one compares the stabilities of isolated conformational species,
nearly all minima on the potential energy surface are accessible
thermally, and the respective conformations should all be
considered. On the other hand, complexation with a single water
molecule already increases the energy differences between the
conformers to several times the thermal energy at room
temperature. We have traced back the origin of the selective
stabilization of one conformer to an additional bonding in the
water complex, which can only occur in the 4 conformer.
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Tunneling Splittings in the S, and S, States of the Benzoic
Acid Dimer Determined by High-Resolution UV

Spectroscopy
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Five different isotopologues of the benzoic acid dimer and a vi-
bronic band located 57 cm™" above the electronic origin, which is
assigned to the out-of-plane butterfly motion, are studied by ro-
tationally resolved UV spectroscopy. From these measurements a
ground-state structure with C,, symmetry is deduced, whereas
the symmetry is lowered to C, in the S, state. The increase in the

1. Introduction

Hydrogen bonding is very important in biological systems and
has therefore been the subject of considerable research. Some
systems employ multiple hydrogen bonds to connect molecu-
lar subunits; most notable among these is DNA, the base pairs
of which are connected by double or triple hydrogen bonds.
Because of their high symmetry, the dimers of carboxylic acids
such as formic acid, acetic acid, and benzoic acid have become
model systems for double hydrogen bonding. Their carboxyl
groups link to create an eight-membered ring and, in the
above examples, a ground-state dimer structure of C,, symme-
try. This doubly hydrogen-bonded structure is so strong that
even at room temperature mostly dimers are present.

Since many biologically relevant processes involve proton
transfer, an interesting aspect of carboxylic acid dimers is the
possibility of double proton tunneling. The tunneling path has
long been the subject of debate, however, and theoretical esti-
mates of proton transfer times span several orders of magni-
tude (e.g., see Madeja and Havenith™ and references therein).
Early calculations agreed that extensive geometry optimization
of the transition state is necessary and that the transition itself
is strongly coupled to a deformation of the whole molecular
frame, but the predicted barrier heights differed significant-
Iy’ Anomalous isotope effects observed for two vibrations of
formic acid dimer led Maréchal to conclude that the transfer of
protons can not be described as a simple tunneling motion in
a double-minimum potential.” Recent direct dynamics calcula-
tions with a single multidimensional coordinate system could
explain a variety of gas-phase and crystal data by carefully con-
sidering the contributions of various zero-point vibrations to
the tunneling rates and assuming a negligible splitting in the
electronically excited state.”) Coupling between the tunneling
mode and transverse modes was calculated to result in a more
than 20-fold increase in the tunneling splitting. Recently,
'H NMR relaxometry and quasi-elastic neutron scattering have
shown conclusively that proton transfer in the benzoic acid
crystal is a strongly correlated motion of the two protons,
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center-of-mass distance between the two monomers that is
found on electronic excitation indicates a decrease in hydrogen-
bond strength. The tunneling splittings in the S, and S, states are
1385.2+0.7 and 271.2+0.7 MHz, respectively, corresponding to
an increase in barrier height by 7.2 % on electronic excitation.

while the tunneling path is little affected by deuteration in the
carboxyl group.® Fillaux et al. deduced from spectra of pow-
dered crystals that the potential barrier for the transfer of a
single proton is already on the order of 5000 cm™', which
means that semiclassical jumping over the top is negligible.”!
In conclusion, the picture that has emerged is that double
proton transfer in carboxylic acid dimers is a pure tunneling
motion that occurs in concert, initiated by a zero-point vibra-
tionally induced symmetric decrease of the distance between
the two monomer units.

Experimental data on the barriers for concerted proton tun-
neling reflect the sensitive dependence on the vibrations in
both monomer units. In one of the earliest measurements on
such systems, Costain and Srivastava found that the barrier
height is larger than 6000 cm™' in CF;COOH--HCOOH, but less
than 5000 cm~" in CF;COOH--CH;COOH.® From fluid-phase ab-
sorption spectra the barrier heights in dimers of formic acid
and acetic acid were deduced to be in the range 6500-
7000 cm™' when a symmetric double-minimum potential is as-
sumed.”” By means of high-resolution gas-phase IR spectrosco-
py on various isotopologues of the formic acid dimer, ground-
state tunneling splittings of 375 and 474 MHz were observed
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Tunneling Splittings in Benzoic Acid Dimer

for the (DCOOH), and (HCOOH), dimers, respectively, whereas
for the (DCOOD), dimer an upper limit of 60 MHz was de-
duced.""" This corresponds well with an effective barrier
height of 6940 cm™"' for the fully protonated dimer.”’

Attempts to determine the magnitude of the tunneling split-
ting in the benzoic acid dimer have mainly been made by
using crystallographic methods. Although the crystal of benzo-
ic acid is composed of dimeric units, its lattice structure de-
stroys the symmetry between the two monomers, and this re-
sults in two inequivalent potential minima and an inability to
determine the tunneling splitting. However, with a suitable
dopant the inequivalence between the two minima can be
nearly lifted locally to allow a coarse estimate. The values
found with thioindigo and selenoindigo as dopants were 8.4+
0.1 and 6.5+ 1.5 GHz, respectively.""® Remmers et al.™ stud-
ied the gas-phase dimer using high-resolution UV spectrosco-
py. The spectrum they recorded consisted of two rigid-rotor
components separated by 1107 +7 MHz, which they assumed
to be the difference between the tunneling splittings in the S,
and S, states. These data were later re-analyzed by using ge-
netic algorithms to yield a more accurate value of 1116+
3 MHz™ Smedarchina etal. theoretically reproduced this
value quite well (1920 MHz) by assuming that it was due solely
to the ground-state splitting, taking it to be zero in the excited
state, and showed that it corresponds to an effective tunneling
barrier of 5793 cm'.%!

Electronic coupling between the two monomer units in a
doubly hydrogen-bonded system depends very sensitively on
the nature of the hydrogen bonds. Perhaps the most striking
example of this is the 7-azaindole dimer, in which electronic
excitation was shown to be localized on one of the monomer
units in all isotopologues, with the exception of a single asym-
metric, doubly deuterated structure, in which it was found to
be completely delocalized."®'” This is remarkable, since the
last-named structure only differs from two others by mono-
deuteration in the aromatic ring. Fortunately, in many other
systems the situation seems to be more clear-cut. In the 2-pyri-
done dimer the excitation is completely delocalized,"®'
whereas in carboxylic acids the excitation generally seems to
be localized.®*?? By observing a vibronic band in the gas-
phase benzoic acid dimer split into four components on partial
deuteration, Poeltl et al. showed that also in this system elec-
tronic excitation resides on a single half of the complex.*?%

Localization of excitation raises the question how feasible
excitation transfer is. Very interesting in this respect is the exis-
tence of a vibronic band around 57 cm™' above the origin of
the benzoic acid dimer. This band is shared with many other
carboxylic acid dimers, including that of anthranilic acid, for
which it was recently found that, although there is a strong
Franck-Condon progression in this mode, the dispersed fluo-
rescence spectrum shows intensity only in even members of
the progression.”® By means of DFT calculations, the band was
assigned as the intermolecular geared bend mode, and the
anomalous intensity patterns were explained by the possibility
of excitation transfer between the two monomers, altering the
selection rules” Due to large intramolecular geometry
changes on excitation of a monomer unit, however, the exci-
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ton splitting could not be observed directly. The corresponding
vibronic band of the benzoic acid dimer shows the same
anomalous intensity pattern, but a detailed analysis of intramo-
lecular vibrational relaxation (IVR) rates in isotopically mixed
dimers led to the conclusion that excitation transfer is only ap-
preciable at higher excess energies.?” Still, due to the absence
of an intramolecular hydrogen bond, the intramolecular geom-
etry changes on electronic excitation are much smaller in the
benzoic acid dimer than in the anthranilic acid dimer, which
means an exciton splitting might be observable in the vibronic
band of benzoic acid dimer. This was also suggested by Baum
et al., though given their upper limit of 0.3 cm™', such a mea-
surement would require high resolution.?

The assignment of this band is the topic of some debate.
Poeltl etal. initially suggested it to be the intermolecular
geared bend mode. This was because it forms strong combina-
tion bands with other vibrations ascribed to internal motions
in the carboxyl group, and due to the observation that in the
completely ring-deuterated (ds—ds) dimer the vibrational fre-
quency remains virtually unchanged.”® They later favored reas-
signment as either the out-of-plane bending motion or torsion,
given that its frequency is unchanged in the electronically ex-
cited state.?” Dispersed fluorescence spectra of this band led
Tomioka et al. to assume that it is the torsion mode.””” Quan-
tum chemical calculations seem to disagree among each other
to the same extent. Based on DFT calculations, Nandi et al. as-
signed it as the geared bend motion,”® while Antony et al.
claimed that it is the torsion mode,”” and according to Florio
etal. it could be either the geared bend or tilting motion.®*3"
Bakker et al. found that the difficulties in accurately describing
the hydrogen-bonded modes also play a role in the calculation
of higher vibrations (500-1900 cm™").52

Herein, we determine the intermolecular structure in both
the ground and electronically excited state from seven differ-
ent dimer origins in high-resolution spectra. Of particular inter-
est is the question whether a decrease in the carboxyl O--O
distance can be observed, as has been suggested,®' and
whether the excited state has a bent structure, as was pro-
posed earlier™ Furthermore, analysis of a high-resolution
spectrum of the 57 cm™' vibronic band should show whether
exciton splitting is present and which vibration is involved.
Lastly, this assignment should allow us to determine the split-
tings of the S, and S, states separately, as well as the relative
tunneling barrier height.

Experimental Section

Experimental Procedures: The experimental setup for rotationally
resolved laser-induced fluorescence (LIF) is described elsewhere.*
Briefly, it consists of a ring dye laser (Coherent 899-21) containing
Rhodamine 110, pumped with 6 W of a frequency-doubled Yb:YAG
laser. The second harmonic of the dye-laser output is generated in
an external folded ring cavity (Spectra Physics Wavetrain). The re-
sulting output power is typically between 30 and 40 mW and is
constant during each experiment. The molecular beam is formed
by co-expanding benzoic acid, heated to 390 K, and argon through
a 100 um nozzle into the vacuum by using a backing pressure of
220 mbar. The molecular-beam equipment consists of three differ-
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entially pumped vacuum chambers that are linearly connected by
skimmers (1 and 3 mm in diameter, respectively) in order to reduce
the Doppler width. In the third chamber, 360 mm downstream of
the nozzle, the molecular beam is crossed at right angles by the
UV laser beam. Imaging optics focus the total undispersed fluores-
cence from the excited molecules onto a photomultiplier tube
mounted perpendicularly to the plane defined by the laser and the
molecular beam, the output of which is then discriminated and
digitized by a photon counter and transmitted to a PC for data re-
cording and processing. The resulting Doppler width in this setup
is 25 MHz (FWHM). Relative frequencies are determined with a qua-
siconfocal Fabry-Perot interferometer with a free spectral range
(FSR) of 149.9434(56) MHz. The absolute frequency was obtained
by comparing the recorded absorption spectrum of iodine with
tabulated lines.®”

Materials: Benzoic acid was purchased from Caelo (p.A), and
[Ds]benzoic acid (99.2%) was obtained from CDN isotopes. Both
were used without further purification. [D,]Benzoic acid was pro-
duced by refluxing benzoic acid with an excess of D,O and subse-
quent removal of the solvent.

Ab Initio Calculations: Structure optimizations were performed by
employing the valence triple-zeta basis set with one set of polari-
zation functions per atom (TZVP) from the TURBOMOLE library.?*3¢
The equilibrium geometries of the electronic ground and the
lowest excited singlet states were preoptimized by (time-depen-
dent) density functional theory with the B3LYP functional and sub-
sequently optimized at the CC2 level within the resolution-of-the-
identity approximation.®”*® To ensure that the optimized structure
is a real minimum we numerically calculated the second deriva-
tives. We obtained no imaginary frequencies for any of the normal
modes, that is, all optimized structures are minima.

The singlet-state energies and wavefunctions were calculated by
the combined DFT/multireference configuration interaction (DFT/
MRCI) method of Grimme and Waletzke.®® The configuration state
functions in the MRCI expansion are constructed from Kohn-Sham
(KS) orbitals, optimized for the dominant closed-shell determinant
of the electronic ground state by employing the BHLYP“**" func-
tional. All valence electrons were correlated in the MRCI runs, and
the eigenvalues and eigenvectors of eight singlet states were de-
termined. The initial set of reference configuration state functions
was generated automatically in a complete active-space-type pro-
cedure (including all single and double excitations from the five
highest occupied molecular orbitals in the KS determinant to the
five lowest virtual orbitals) and was then iteratively improved.

The first-order transition state for double proton transfer was pre-
optimized at the B3LYP level with the 6-31G(d,p) basis set by using
the QST3 method“? as implemented in the Gaussian03 program
package.”® With the thus-obtained structure the S, transition state
was optimized at the RICC2 level by using the trust radius image
minimization (TRIM) method“” implemented in the STATPT module
from TURBOMOLE V5.8 with the same basis sets as for the mini-
mum structures.

The Derandomized ES DR2 Algorithm: Spectra were fitted to a
simple asymmetric rotor Hamiltonian by using a derandomized
(DR) evolutionary strategy (ES) which was developed in the mid-
90s by Ostenmeier et al.**! This special implementation, which is
also used herein, represents the second generation of derandom-
ized ES and is abbreviated in the following as DR2."? It is shown
here to be a very good alternative to the genetic algorithm based
fits we have employed so far.*”!

1790

www.chemphyschem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L. Meerts et al.

Both evolutionary strategies like the DR2 algorithm and the genet-
ic algorithm belong to the category of global optimizers known as
evolutionary algorithms, which were inspired by the biological pro-
cesses of reproduction and natural selection. However, whereas
the genetic algorithm tries to find a solution in parameter space
by combining information from a set of trial solutions with the aim
of creating better ones, the DR2 algorithm can sense in which di-
rection the fitness increases. In a first step of the DR2 algorithm,
some trial solutions are generated (offspring) by using a random
distribution around some starting point (parent), each consisting
of the complete parameter set necessary to describe the spectrum,
and the quality of each solution is analyzed by means of a fitness
function.””*® Provided one of the offspring is better than the
parent, this solution is selected and used to compute the next
parent, which then serves as the starting point for an iteration of
this cycle (generation). In calculating the parent for the next gener-
ation, the DR2 algorithm makes use of the correlation matrix for
successive changes in the parents (mutations). In essence, this
means that if for some parameter a parent has evolved in the
same direction for several generations, so that their correlation in
this parameter is positive, the most likely solution is assumed to
be further in that direction and the next parameter mutation will
be larger. Correspondingly, two anticorrelated mutations will lead
to a smaller mutation. By discriminating between mutation rates of
different parameters, the DR2 algorithm can reliably find the opti-
mal solution within a relatively small number of generations.*!

The usefulness of the DR2 algorithm in solving physical problems
was shown by Shir etal., who tested several evolutionary algo-
rithms for their ability to find the theoretical alignment of a
sample of molecules in space with shaped laser pulses.”” The DR2
algorithm proved to be not only the fastest but also the most relia-
ble algorithm for this task, and it even outperformed several more
advanced algorithms such as DR3 and CMA-ES. Given their success
they then turned their attention to the problem of second har-
monic generation (SHG) which, although much more difficult,
showed that the DR2 algorithm again performed best.“? When
used to fit our spectra, the DR2 algorithm succeeded in obtaining
good fits with a smaller population and within fewer generations
compared to the genetic algorithm (GA). Although the evaluation
of a single trial solution in the DR2 algorithm is more expensive,
this led to a reduction in the total computation time by a factor of
two compared to the GA.

2. Results and Discussion
2.1. The Dimer Origin

The rotationally resolved spectrum of the S,<S, origin of the
benzoic acid dimer has been reported before,"' but was
measured again for this study. It is a b-type spectrum and
shows doubling of all lines due to concerted proton tunneling
in the double hydrogen bond. The size of this splitting is A=
1114.04+ 1.0 MHz. The spectrum is very congested, and each
apparent transition typically consists of some ten individual ro-
vibrational transitions. The transitions in these K stacks all
share the same AK,, but differ in the ground-state level from
which they originate. Under our experimental conditions, tran-
sitions originating from ground-state levels with J values up to
130 are needed to reproduce contributions to the spectrum
with an intensity of at least 0.5% of the strongest transitions.
Since there is no thermal equilibrium in the molecular beam,
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we employ a two-temperature
Boltzmann model to describe
the energy distribution. This re-
sulted in rotational tempera-
tures of ;=3.5K and T,=53K
with a relative T, weight factor
of 0.29.

Besides the dy-d, dimer we
measure the S,<S; origin of
four more isotopologues, which
give rise to six additional spec-
tra. These are the d,-d, and ds—
d; homodimers, where the
former is deuterated in the hy-
drogen bonds and the rings of
the latter are completely deuter-
ated, and the dj-d,/d;-d, and
dg-ds/d¥-d, mixed dimers. Here
the asterisk denotes the elec-
tronically excited moiety. Due to
the weak electronic coupling
between the two monomer
units, the electronic excitation is
localized on one of them, and

Experiment
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Figure 1. Electronic origin of the benzoic acid dy-ds dimer at 35724.456 cm™". In the upper two traces the mea-
sured spectrum and the best simulation are shown. The lower two traces show the two components present in
the simulation, that is, the dj-ds spectrum and the dy-d, spectrum, for the latter of which the molecular parame-
ters deduced from the analysis of a separate measurement were used. The arrows indicate the spectral origins.

as a result both mixed dimers have two separate origins de-  ground-state rotational constants for each set are the same
pending on which monomer is excited.?®’ However, since the  within their experimental uncertainties, that is, both spectra in
isotopic shifts upon deuteration are small, the origins of these  each of these two sets indeed originate from a common
mixed dimers (with the exception of the d-d,) are not spec-  ground state structure. In a final fit the ground-state rotational
trally separated from the homodimers consisting of the excited  constants for both spectra in each set are therefore forced to
monomer and have therefore not been resolved in previous be equal. The parameters obtained from the final fits are given

studies. As an example the
spectrum of the dj-ds dimer is
shown in Figure 1 together with
a simulated spectrum. The sim-
ulation consists of two compo-
nents: the spectrum of d,—d,,
for the simulation of which the
molecular constants are held
fixed to the optimal values de-
termined there, and the spec-
trum of dj-d; itself, blueshifted
by 0.67 cm™". All other spectra
and their simulations can be
found in the Supporting Infor-
mation.

Within the experimental un-
certainty all initial simulations
produce transition dipole
moment directions correspond-
ing to pure b-type spectra, and
no a-type or c-type components
can be incorporated unambigu-
ously. Therefore, to obtain the
final results a pure b-type asym-
metric rotor Hamiltonian s
used. Also, for dj-d; and d}-d,
as well as dj-ds and dJ-d,, the
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Table 1. Origins and molecular parameters for the isotopologues of the benzoic acid dimer determined from
fits using evolutionary algorithms.
do—d, dy-dp+57cm™'  d,-d, ds—ds
This work Ref. [14] Ref. [15]
A" [MHZz] 1925.00(20) 1923(16) 1926.87(50)  1925.04(21) 1905.94(18) 1686.92(16)
B” [MHz] 128.05(14) 127(8) 128.19(10) 128.08(14) 127.73(14) 118.91(14)
C"' [MHz] 120.14(14) 114(8) 120.27(10) 120.17(14) 119.79(14) 111.16(14)
A’ [MHz] 1908.95(16) 1908(16) 1910.70(50)  1920.48(17) 1890.16(15) 1672.95(13)
B’ [MHz] 127.53(14) - 127.67(10) 127.57(14) 127.18(14) 118.42(14)
C' [MHz] 119.63(14) - 119.76(10) 119.64(14) 119.24(14) 110.68(14)
AA [MHZ] —16.05(9) —15(10) —16.17(20) —4.56(9) —15.78(8) —13.98(7)
AB [MHz] —0.52(12) — —0.52(1) —0.52(12) —0.55(12) —0.48(12)
AC [MHZ] —0.51(12) - —0.51(1) —0.53(12) —0.55(12) —0.48(12)
A [MHz] 1114.0(10) 1107(7) 1116(3) 1656.4(11) <45 1077.0(10)
Origin [cm~"]®  35723.786(1)  35723.82(5) - 35781.091(1) 35737.416(1)  35874.324(1)
d;—d, df—d, d;—ds d;—d,
A" [MHz] 1915.76(32) 1915.76(17) 1798.21(14) 1798.21(15)
B” [MHz] 127.91(15) 127.91(14) 123.42(14) 123.42(14)
C" [MHZ] 119.98(15) 119.98(14) 115.58(14) 115.58(14)
A’ [MHZ] 1899.65(26) 1900.51(14) 1784.55(12) 1782.50(12)
B’ [MHz] 127.39(15) 127.33(14) 122.95(14) 122.90(14)
C' [MHz] 119.50(15) 119.42(14) 115.11(14) 115.07(14)
AA [MHZ] —16.11(16) —15.25(10) —13.66(6) —15.72(7)
AB [MHz] —0.50(12) —0.57(12) —0.46(12) —0.52(12)
AC [MHZ] —0.50(12) —0.56(12) —0.48(12) —0.51(12)
A [MHz] 136.7(12) 98.9(11) 1137.0(10) 1116.9(11)
Origin [cm~"]® 35722.789(1) 35737.574(1) 35724.456(1) 35872.481(1)
[a] In the spectra with splitting, the origin of the reddest component is given.
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in Table 1. The estimated lifetime broadening of the transitions
is 2010 MHz, corresponding to an excited state lifetime of
8+4 ns. Unfortunately, the congested nature of the spectra
prohibits a more accurate determination.

Immediately obvious is that the changes in the rotational
constants (ABy; g=a, b, c) are largely independent of deutera-
tion, and thus the spectra are qualitatively very similar in ap-
pearance. Strikingly, both for the dj-d,/d{-d, and the dj-ds/
df-d, mixed dimers, the two spectra originating from the
same ground state show substantially different tunneling split-
tings. In the case of d;-d; no splitting is observed. From test
calculations we estimate how large the separation between
two closely spaced spectral components must be in order to
observe both. This results in a value of 45 MHz, which indicates
an upper value for the splitting.

2.2. The 57 cm™" Vibronic Band

Figure 2 shows the rotationally resolved spectrum of the vi-
bronic band located 57 cm™' above the electronic origin of the
dy—d, dimer. Although the signal-to-noise ratio is more than an
order of magnitude lower than that of the origin spectrum,
the agreement between simulation and experiment is clearly
still very good. On comparison with the origin spectrum it is
also apparent that the amount by which all lines are split due
to tunneling is substantially larger; the fit yields a value of
1656.4 + 1.1 MHz, which corresponds to an increase of almost
50%. The molecular parameters resulting from this fit are
listed in Table 1.

2.3. Determination of the Cluster Structure Parameters

The RICC2 optimizations of the S, state structure with imposed
C, and G,, symmetry restrictions are performed with the TZVP
basis sets. The results of both calculations are identical within

L. Meerts et al.

the accuracy of the calculation, and this confirms the symme-
try of the equilibrium structure. The rotational constants result-
ing from the constrained calculations are listed in Table 2
along with the experimental rotational constants from this
study and the optimized geometric parameters. The agree-
ment between calculated and experimental inertial parameters
is very good, with the calculated constants differing from the
measured ones by less than half a percent. Since the experi-
mentally determined rotational constants are effective values
rather than equilibrium values, we ascribe the difference to ef-
fects of zero-point energy vibrational averaging and assume
the calculated structure to be the best possible fit to our meas-
urements. The S, state optimizations at the same level of
theory result in rotational constants close to those of the
ground state. The A constant is found to decrease by 16 MHz
on electronic excitation, which compares to a difference of
19 MHz between the RICC2/TZVP calculations of the excited
state and the electronic ground state.

The atomic numbering of the benzoic acid dimer used in
the discussion of the structural parameters of the monomers
and the hydrogen-bond parameters is shown in Figure 3. The

3
// N\, 78 N,
7 1 4
/ /
N—d  oop 4 P
9 9a 8*

Figure 3. Atomic numbering of the benzoic acid dimer used in Table 2. The
asterisks mark the electronically excited benzoic acid moiety.

calculated geometric parameters for both benzoic acid moiet-
ies are equal for the ground state (C,, symmetry), while they
differ considerably for the electronically excited state, reflecting
the localized excitation with a reduction of the symmetry to C..
The electronically excited benzoic acid moiety (marked with as-
terisks in the bond definitions in Table 2) shows an increase of
the average C—C bond length
from 139.4 pm in the ground
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state to 143.0 pm, which is typi-
cal for benzenoid aromatic com-
pounds. The unexcited moiety
of the electronically excited

Experiment

n !
| | f*
oM | it
M"«-"%IMMWJ ,u L«w\’” “‘JWJ l"'JMM “\M"jqwmmm- /“*'Mww el \W

ALY

dimer has an average C—C bond
length of 139.6 pm, which is
nearly the same as in the
ground state and confirms lo-
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calization of excitation on one
of the benzoic acid moieties.
The decrease of the C1-C7
bond length, indicating quinoi-
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dal character in the S, state, is
also found in other monosubsti-
tuted benzenes.

The hydrogen-bond geomet-
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Figure 2. Vibronic band at 35781.091 cm ™', around 57 cm ™" above the electronic
dimer.
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4000 ric parameters show the same

behavior: two equal 09-H9%a
bond lengths and equal O9-
H9a-08* angles, which define

origin of the benzoic acid d,-d,
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the deviation from linearity of - ) N

he hyd bonds in the el Table 2. Rotational constants and S,- and S;-state geometric parameters of the benzoic acid dimer calculated
the X ydrogen bonds in t_ e elec- at the RICC2/TZVP level of theory. The atomic numbering refers to Figure 3. All bond lengths are given in pic-
tronic ground state, while both ometers, and angles in degrees. Atoms marked with an asterisk belong to the electronically excited benzoic
geometric  parameters  differ acid moiety.
considerably in the excited S S
state. The COH--OC* hydrogen ’ !
bond is considerably shorter RICC2 Crystal data"? Exptl.! RICC2 Exptl.®
than in the electronic ground A [MHz] 1919 - 1925 1900 1909
state (—5.2pm), while the B” [MHz] 128 - 128 127 127
*COH--OC bond is longer by C” [MHz] 120 N 120 o 120

h . h -2 139.9 139.2 - 140.0 -

1.8 pm. These opposite changes | ¢; 3 139.2 140.1 - 139.3 -
of the hydrogen-bond lengths, c3-C4 139.5 1384 _ 139.6 -
which are founded in the de- C4-C5 139.6 137.9 - 139.6 -
creased OH acidity on electronic -6 1391 1387 - 1392 -
. It in in-pl i c6-C1 139.9 139.0 - 140.0 -
excitation, result in in-plane tilt- c1-c7 1483 148.4 _ 148.6 _
ing of the monomer moieties in C7-08 124.0 126.3 - 1242 -
the excited state. The amount C7-09 130.0 127.5 - 132.8 -
by which the structure is bent | 99-H% 1003 ca. 100 - 1002 -

A X C—H (av) 108.3 - - 108.4 -
cannot be determined in the C2-C1-C7 1213 1188 _ 1213 _
same way as was done by Re- | 08-C7-09 1238 1232 - 1240 -
mmers etal.,! since they as- C1-C7-08 1222 120.2 - 121.9 -
sumed both monomer geome- C7-09-Hoa 1085 - - 10838 -

) ined in the di C1*-C2* 139.9 139.2 - 143.4 -
tries were retained in the dimer, C2*_C3* 139.2 140.1 _ 1432 _
which is not the case and leaves C3*—Ca* 1395 1384 - 141.9 -
their bending angle ill-defined. C4*—C5* 1396 137.9 - 142.9 -

- * - -

When we instead define the EZi g?* Bz‘; Eg‘; 12‘1
. . — X X - . _
bending angle as C4-CM-C4*, Cl*_C7* 1483 148.4 _ 1443 -
where CM stands for the center C7*-08* 124.0 126.3 - 125.7 -
of mass of the dimer, a value of C7*-09* 1300 133. - 1345 -
*_Hoa* _ _

0.7£0.2° results. Since the de- |99 Ho% 1003 ca. 100 1000
in 1 h of th h C*—H* (av) 108.3 - - 108.3 -
crease in length of the short- | cy.cqxczx 1213 1188 - 1228 -
ened hydrogen bond is larger 08*-C7*-09* 1238 123.2 - 123.6 -
than the increase in length of a-C7*-01* 1222 120.2 - 1222 -
% 0% HOa* _ _ _

the elongated one, these results C7-09*Hoa 1085 1082
! ith th d H9a—08* 165.4 ca. 160 - 160.2 -
are consistent with the reduc- 08—Hoa* 165.4 ca. 160 _ 167.2 _
tion in the average carboxyl 08-09* 265.7 263.3 - 267.2 -
0O--O distance found in earlier 09-08* 265.7 263.3 - 260.4 -
)- | - % - - -

work B 09-H9a-08 179.0 1775
09*-H9a*-08 179.0 - - 179.1 -

[a] Experimental values from this study. For exact values and accuracies, see Table 1

2.4. Determination of the
Center-of-Mass Distance

An easy approach to the change

of the cluster structure upon

electronic excitation can be made by using the center-of-mass
(COM) distance of the monomer moieties in the cluster, as has
been shown by Connell et al.*” The COM distance of two mo-
nomer moieties in a dimer is given by Equation (1)

. \/Zg [pimer ™ Nonomert _ 5 [Monomer? )
2u

where u is the reduced mass of the two moieties, and /; are

the respective moments of inertia, described by their super-

scripts, which are calculated from experimentally determined

rotational constants. The COM distances for dy,-d, and d,-d, in
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the ground state were calculated by using the monomer rota-
tional constants, taken from the microwave work of Onda
etal.”" for both moieties. The difference between the COM
distances of dy—d, and d;-d, can be traced back to the differ-
ent vibrational averaging in these isotopologues.

While the determination of the COM distance in the elec-
tronic ground state is conceptually easy, two problems arise
for the electronically excited state: first, the rotational con-
stants of the excited state of the monomer are not known.
Second, it is not known a priori whether the excitation is local
or delocalized over both moieties. In the first case different ro-
tational constants must be used in Equation (1) for Monomer1
and Monomer2. One of the monomers would then have the
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rotational constants of benzoic acid in the ground state, and
the other the rotational constants of the electronically excited
state. Since these rotational constants are not available, we use
the ground state rotational constants of both monomers for a
rough model (model 1).

Because we conclude that the electronic excitation is local-
ized, a more accurate COM distance can be derived when the
rotational constants of the monomer excited state are used.
These can be obtained by calculating the structure of the ben-
zoic acid monomer by DFT with the B3LYP functional for the
ground state and with time-dependent (TD)DFT for the excited
state. The difference between the two sets of rotational con-
stants closely matches the change in the rotational constants
on electronic excitation, while the absolute values are less reli-
able. We therefore added the difference between the calculat-
ed rotational constants from the DFT and TDDFT calculations
to the microwave rotational constants to get the inertial pa-
rameters for the excited monomer moiety, and used these in a
more accurate model (model 2).

Table 3 compares the COM distances in the ground and elec-
tronically excited states of the benzoic acid dimer for both mo-
nomer models. For both isotopologues and independent of
the model used we find an increase in the COM distance, that
is, a decrease of the hydrogen-bond strength on electronic ex-
citation.

Table 3. Center-of-mass distance [pm] of the d,-d, and the d,-d, isoto-
pologues of the benzoic acid dimer in the ground and electronically ex-
cited states.

do-do di-d,
S 7126 708.9
S, model 1 714.6 7133
M model 2 7131 711.7
pi| model 1 2.0 44
A model 2 0.5 2.8

2.5. Symmetry

Both the S,<S, spectrum and the vibronic band 57 cm™

above it are b-type spectra consisting of two components. In-
terestingly, the separation between these components is larger
in the vibronic spectrum than in the origin spectrum. Figure 4
shows the three possible ways to combine these two observa-
tions: a) the ground-state splitting is very small, b) the S,-state

S+57em™!

S

So

a) b) <)
Figure 4. Three possible energy-level schemes for explaining the observed

S,—S, and S, 457 cm~'S, spectra.
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splitting is very small, or c) both are appreciable. Since it is ex-
pected from theory that the splitting in the electronically excit-
ed state is smaller than that in the ground state due to the
weakening of one of the hydrogen bonds (e.g., see ref. [5]) we
hold the first option for unlikely and will therefore not explore
it further. For the other two options, some of the arrows
drawn in Figure 4b and c are not unique; the relative sizes of
the tunneling splittings are equally unknown. However, it is
clear that without any selection rules restricting the possibili-
ties, the vibronic band would consist of four components, and
in case c the same would hold for the origin transition. This is
clearly not what we observe, so a closer look at the symmetry
of the dimer system is warranted. For a large part the group
theory for this system is the same as for the formic acid dimer,
which has been described in detail by Madeja et al." We there-
fore focus on the main differences and conclusions here; more
information can be found in their article. Additionally, we will
consider case b to be the limiting case for the energy-level or-
dering shown in Figure 4c and no longer consider it separate-
ly.

As shown in Section 2.3, the ground-state structure is of G,
symmetry and if we assume a synchronous tunneling motion,
the transition state is of D,, symmetry, which means we must
describe the ground state using the molecular symmetry
group Gg. For the electronically excited state, however, we al-
ready concluded that the electronic excitation is localized on
one monomer unit. This immediately lowers the symmetry to
C, with a G,, transition state (with the A axis as the G, axis) so
that we must describe the excited state using G,. The energy-
level diagram and allowed transitions that result for the origin
and the seven lowest-frequency vibrations (see Section 2.6) are
shown in Figure 5. Note that all levels have two symmetry
labels due to the unresolved K-type doubling in this system.

If in addition to the localization of the electronic excitation
the excited state has a bent structure, then the system has
C,(M) symmetry (isomorphic with C,) and all energy-level labels
are transformed into A’/A”. This means all transitions would
become possible again, in contradiction with our observations.

QOop butterfly, oop hindered translation,
ip cogwheel hindered rotation,
ip sliding motion

Qop twist, oop hindered rotation,
ip H-bond stretch

B,/B AJA
< O By U]
Sy#57 em AVA, B/B,
AJA
S [
! B/B,
S B,/B,
0 AA,

Figure 5. Energy-level ordering and allowed transitions for the electronic
origin and seven lowest-frequency vibrations under C,, symmetry; vibration-
al nomenclature after ref. [30]. Out-of-plane vibrations are designated as
oop, and in-plane vibrations as ip.

ChemPhysChem 2008, 9, 1788 - 1797



Tunneling Splittings in Benzoic Acid Dimer

Clearly the bending angle for the excited-state geometry we
deduced in Section 2.3 is small enough to approximate the
system as G,-symmetric.

The assumption of G, symmetry also affects the intensity
ratios between different transitions. The effect, however, is
small: when the K-type doubling cannot be resolved (as in our
case) a ratio between AK,AK_ (even/even) and (even/odd) to
(odd/odd) and (odd/even) transitions of 31:33 results. This
effect is further diminished by the crowdedness of the spec-
trum, which mixes different transitions under each apparent
line shape, and leads to our inability to decide on the correct-
ness of this assumption based on nuclear statistics.

2.6. Vibronic Band Assignment

For a correct assignment of the 57 cm™' band we need the cal-
culated frequencies for the vibrations indicated in Figure 5;
they are given for the S, state in Table 4. MOLDEN frequency
files containing the optimized geometry and all intra- and in-
termolecular vibrations can be found in the Supporting Infor-
mation.

We know from earlier work by Poeltl etal.?” that for this
particular vibration the excited-state frequency is practically
the same as that in the ground state, which allows us to use
these ground-state frequencies for our assignment. They were
derived under C,, symmetry and the corresponding symmetry
labels are given. However, as was described in Section 2.5, due
to the feasibility of the tunneling motion and the localization
of electronic excitation, we should use the G, symmetry group,
which is isomorphic to G,,, to describe possible transitions. For
this reason G, symmetry labels were also added. The last three
columns list the calculated changes in rotational constants for
these vibrations in the harmonic approximation.

Since the splitting observed in the vibronic-band spectrum
is larger than that in the origin spectrum (1656.4 vs
1114.0 MHz) it is clear that an assignment to a vibration having
the same selection rules as the origin transition (those on the
right-hand side in Figure 5) is only possible if the vibration
itself increases the tunneling rate. Since the out-of-plane twist-
ing motion and the out-of-plane hindered rotation leave the

hydrogen-bonding network practically unaffected, these are
ruled out. The in-plane hydrogen-bond stretch is expected to
increase the tunneling rate, but the motion itself would lead
to a change in the B and C rotational constants. Since this con-
tradicts our measurements, we also exclude the in-plane H-
bond stretching motion as a possibility, forcing us to conclude
that the selection rules for the 57 cm™' vibronic band must be
reversed.

Examining the four vibrations listed on the left-hand side of
Figure 5, the same argument excludes the in-plane sliding
motion, as it is expected to affect the B and C rotational con-
stants as well as A, contrary to our observations. This leaves us
with only three possible assignments: the out-of-plane butter-
fly motion, the out-of-plane hindered translation, and the in-
plane cogwheel hindered rotation. Without additional informa-
tion to discriminate between these modes, we opt to trust the
calculated frequencies and assign the 57 cm™' band as the
out-of-plane butterfly motion, in excellent agreement with cal-
culations (58 cm™). It also agrees with the observation that the
frequency is virtually unchanged in the ds-ds dimer” and
with the assignment made in reference [24]. Unfortunately,
however, the effect of this vibration on the A rotational con-
stant does not agree with our measurements. Indeed, even the
sign of the predicted change is wrong. Although the vibration-
al effects on the rotational constants were calculated in the
harmonic approximation and it is well-known that the vibra-
tions in the benzoic acid dimer are highly anharmonic,®” we
infer that this vibration must be accompanied by a structural
change that is not predicted by our calculations.

2.7. Splittings

Interestingly, the out-of-plane butterfly mode involves practi-
cally no motion of the hydrogen-bonding network. If we
assume that this means the effect on the tunneling rate is neg-
ligible, we can deduce the sizes of the Sy- and S;-state tunnel-
ing splittings. As can be seen in Figure 5 the splitting observed
in the vibronic band spectrum would then be the sum of the
S, and S; tunneling splittings, whereas the separation between
the two components in the origin spectrum would be equal to

the difference. If we now, as in

Section 2.5, take the S, splitting

Table 4. RICC2/TZVP calculated frequencies for the seven lowest S, state vibrations of the d,-d, and ds—ds ben-
zoic acid dimers including their symmetry labels under the C,, point group and the G, molecular symmetry
group. Also given are the calculated changes in rotational constants to which they lead in the harmonic ap-
proximation. The MOLDEN frequency files containing the optimized geometry and all intra- and intermolecular
vibrations are mandatory for the description of the vibrations. They can be found in the Supporting Informa-

to be larger than the S; split-
ting, it immediately follows that
A(Sy) =1385.2+0.7 MHz and
A(S,)=271.24+0.7 MHz. In the
case of a pure, coherent tunnel-

tion.
ing motion in a simple symmet-

Vibration Frequency [em™] Symmetry Ag; g=A, B, C[MHz] ric double-minimum potential

dg-d, ds—ds Con G, AA AB AC well, we can now calculate the
Obsez)ved . 5731 - - - 149 0.00 —002 | effective potential barrier Vg in
Oop butterfly 58.1 56.5 a, B, —14.26 —0.06 0.00 . sy
Oop hindered translation 886 86.7 b, B, ~1817  —008  0.00 the WKB approximation.™ The
Ip cogwheel hindered rotation ~ 97.9 935 b, B, _893 —001 —005 imaginary frequency at the top
Oop twist 110.9 101.4 a, A, —-7.78 —-0.03 0.00 of the barrier w; and the corre-
Ip H-bond stretch 116.8 1138 ag A, —9.57 5.40 4.69 sponding ground-state frequen-
Ip sliding motion 134.1 129.5 ag B, 2.09 1.58 1.40 v w. were deduced from a
Oop hindered rotation 171.7 171.2 by A, —13.33 —0.06 0.00 4 F

normal-mode analysis of the S,

ChemPhysChem 2008, 9, 1788-1797
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transition state and ground state RICC2 structures, respectively.
Using the resulting values of ®;=1122cm™' and w;=
3167 cm™' we find an Sy-state potential barrier of 6224 cm™
(7.45 kJmol ™). Because no reliable S,-state transition frequency
was calculated, we assume the same frequencies to calculate
the S,-state potential barrier, which results in a value of
6672 cm ™' (7.99 kimol ™).

Since the approximation used here is quite crude, we do not
expect these barrier heights to be very accurate, even though
the Sy-state barrier is quite close to that of 6.93 kJmol™' found
in the most extensive calculation done until now.”” However,
we do expect the ratio of the S, to S, barrier heights to be rel-
atively accurate. Thus, we can conclude that the barrier height
increases by about 7.2% on electronic excitation.

The fact that the splitting observed in the 57 cm™' band
spectrum can be interpreted as arising from proton tunneling
while no further splitting has been observed leads to the con-
clusion that exciton splitting does not show up in our spectra.
This leads to an upper limit of 45 MHz for the exciton splitting
and confirms the conclusion from earlier work that excitation
transfer only becomes important at higher excess energies.?"

3. Conclusions

From a measurement of the rotationally resolved spectra of
five different isotopologues we observed two separate origins
for each of the mixed dimers. Together with the observation
that the ground-state rotational constants are the same for
both of these spectra, this provides unequivocal proof that the
electronic excitation is localized on one of the monomer units.
From our structural analysis it can be deduced that this leads
to an asymmetry in the geometry of the hydrogen-bonding
network and lowering of the dimer symmetry to C. We also
found an increase in the center-of-mass distance between the
two monomer moieties, from which we conclude that the hy-
drogen bond is weakened upon electronic excitation. Analysis
of a vibronic band located 57 cm™' above the electronic origin
leads us to the conclusion that it should be assigned to the
out-of-plane butterfly motion and allows separate deduction
of the S,- and S,-state splittings. From the resulting splittings,
A(Sp)=1385.2+0.7 MHz and A(S;)=271.2+0.7 MHz, it can be
concluded that the barrier height in the S, state is 7.2% larger
than that in the S, state. No evidence for excitation transfer
was found.
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5.6 Phenol-Argon-Cluster
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The structures of the van der Waals bonded complexes of phenol with one and two argon atoms have
been determined using rotationally resolved electronic spectroscopy of the S, < S transition. The
experimentally determined structural parameters were compared to the results of quantum chemical
calculations that are capable of properly describing dispersive interactions in the clusters. It was
found that both complexes have m-bound configurations, with the phenol-Ar, complex adopting a
symmetric (1|1) structure. The distances of the argon atoms to the aromatic plane in the electronic
ground state of the n=1 and n=2 clusters are 353 and 355 pm, respectively. Resonance-enhanced
multiphoton ionization spectroscopy was used to measure intermolecular vibrational frequencies in
the S, state and Franck—Condon simulations were performed to confirm the structure of the
phenol-Ar; cluster. These were found to be in excellent agreement with the (1]1) configuration.
© 2009 American Institute of Physics. [DOL: 10.1063/1.3149780]

I. INTRODUCTION

Intermolecular interactions of aromatic molecules are vi-
tal for chemical and biological recognition.1 A detailed un-
derstanding of these interactions at the molecular level re-
quires accurate knowledge of the intermolecular potential
energy surface. Essential parameters of such a surface in-
clude the interaction energy and the geometry of the global
minimum, as well as the occurrence of less stable local
minima. The fruitful interplay of high-resolution spectros-
copy of isolated clusters in molecular beams and high-level
quantum chemical calculations provides the most direct ac-
cess to these potential parameters.z_9 Clusters of phenol with
neutral ligands, denoted phenol-L,, are attractive model sys-
tems to investigate the competition of two different funda-
mental types of intermolecular forces, namely hydrogen
bonding to the acidic OH group (H-bond) and van der Waals
(vdW) bonding (stacking) to the highly polarizable 7 elec-
tron system of the aromatic ring (7-bond, vdW bond). It
turns out that the relative interaction strengths of both bind-
ing motifs strongly depend on the type of ligand (L), the
degree of solvation (), and the degree of electronic excita-
tion or ionization. Hence, a plethora of spectroscopic and
theoretical studies have been carried out on phenol-bearing
clusters in order to determine the preference for stacking or
hydrogen bonding interactions.

The present work reports high-resolution electronic

YElectronic mail: mschmitt@uni-duesseldorf.de.

0021-9606/2009/130(22)/224303/9/$25.00
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spectra of phenol-Ar, clusters with n=1 and 2 in a molecular
beam expansion, along with quantum chemical calculations.
An analysis of vibrational frequencies from new resonance-
enhanced multiphoton ionization (REMPI) spectra of the
phenol-Ar, (n=1-2) clusters will corroborate the results.
The analysis of the S, <5, spectra obtained at the level of
rotational resolution provides for the first time clear-cut in-
formation about the geometry and preferential binding motif
of these prototype clusters, which are model systems for an
acidic polar molecule interacting with a nonpolar solvent.
Despite numerous spectroscopic studies on phenol-Ar, clus-
ters reported in the past, the structural binding motif of this
simple system has not been identified unambiguously for the
neutral electronic states.

In the following, the present knowledge about
phenol-Ar, will be briefly reviewed. In 1985, initial spectro-
scopic data about phenol-Ar, (n=0-2) came from one-color
REMPI spectra of the §;<S, transition and two-color
photoionization efficiency (PIE) spectra of the cation ground
state (D) recorded via the S state origins by Gonohe e al."’
On the basis of nearly additive shifts in the S| <, transition
energies (—33 and —68 cm™') and ionization potentials
(—152 and =297 cm™") upon complexation with one and
two argon atoms, the authors concluded that both argon
ligands are 7r-bonded to phenol on opposite sides of the aro-
matic ring, denoted (1]0) and (1]1) structure, respectively.'”
The intermolecular vibrational structures observed in the S
S, electronic spectra of phenol-Ar; (Refs. 11 and 12) and

© 2009 American Institute of Physics



224303-2 Kalkman et al.

phenol-Ar, (Ref. 13) have subsequently been assigned as-
suming m-bonded (1]0) and (1]1) structures, respectively.

Almost negligible complexation-induced frequency
shifts of the O-H stretch (vgy) and other skeletal vibrations
in the S, state of phenol-Ar; observed via stimulated
Raman'* and IR dip spectroscopyls‘”’ have been indicative
for a m-bonded (1]0) geometry for the n=1 complex. In
addition, high-level quantum chemical calculations of the
potential energy surface in the S, state yield a m-bonded
global minimum, and it is unclear at present whether the
H-bonded structure is a shallow local minimum or a transi-
tion state.!’ > Comparison of rotational constants derived
from a rotational band contour fit of the S origin spectrum
with ab initio rotational constants obtained at the
MP2/6-31G(d,p) level also support a m-bonded (1|0) ge-
ometry for n= 1.%" Meerts et al.® presented the fully rotation-
ally resolved electronic spectrum of the 7D-phenol-Ar; clus-
ter, without a detailed structural analysis. The rotational
constants of the S, state are close to those of the S state,
implying similar m-bonded geometries in both electronic
states. Mass-analyzed threshold ionization (MATTI) and zero-
kinetic-energy (ZEKE) photoelectron spectroscopy have
been employed to derive the binding energies of m-bonded
phenol-Ar, in the Dy, S|, and S states as 535+ 3, 397+ 13
and 364 =13 cm™!, respectively, and to measure and assign
the intermolecular vibrational modes in the D, cation
state.””* The intermolecular frequencies are consistent with
the m-bonded phenol-Ar; geometry. Similarly, the vqy fre-
quency of phenol*-Ar; derived from IR photodissociation of
the cation dimer generated by REMPI is compatible only
with a 7-bonded isomer.">?°

Until recently, all spectroscopic studies indicated that
phenol*-Ar; has a 7r-bonded equilibrium structure in the S,
S, and D, states and no signature of a H-bonded
phenol*-Ar, isomer had been detected. In 2000, however, the
IR photodissociation spectrum of phenol*-Ar; generated in
an electron impact (EI) ion source clearly demonstrated that
the H-bonded isomer is the global minimum on the potential
energy surface of the cation cluster, with a characteristic voy
frequency strongly redshifted from isolated phenol* by
H-bonding.”’~*' This result was confirmed by quantum
chemical calculations, which predict the H-bonded isomer as
global minimum in the D, state, whereas the 7r-bonded struc-
ture is only a local minimum.”***** The reason why the most
stable H-bonded isomer of phenol*-Ar; had completely es-
caped previous spectroscopic detection (MATI, PIE, ZEKE,
REMPI-IR),'**"*72 arises from the fact that the phenol*-Ar
cation in the D, state had been prepared by REMPI of the
neutral 7-bonded precursor, which is governed by the re-
strictions of minimal geometry changes imposed by the
Franck—Condon (FC) principle. In contrast, the EI cluster ion
source predominantly produces the most stable isomer of a
given phenol*-Ar, cation cluster because the reaction se-
quence begins with EI ionization of the phenol monomer,
which is followed by three body cluster aggregation
reactions.””! As the H-bond in phenol*-Ar; is more stable
than the 7r-bond, the energetically most favorable isomers of
larger phenol*-Ar, clusters (n>1) have one H-bonded
ligand and (n—1) 7r-bonded ones.”’

J. Chem. Phys. 130, 224303 (2009)

The ionization-induced m— H switch in the preferred
phenol - - -Ar binding motif has recently been probed by time-
resolved IR spectroscopy of the phenol*-Ar, complex pre-
pared by REMPIL*** These studies revealed that after ion-
ization of m-bonded phenol-Ar,, one Ar ligand isomerizes
from the 7-bonded site toward the H-bonded site on a time
scale of several picoseconds. However, it was noted that for
a full understanding of this dynamic process, one must know
whether the neutral phenol-Ar, precursor complex has a
symmetric (1]1) structure with one Ar above and the other
symmetrically below the aromatic plane or a (2|0) structure
with both Ar atoms at the same side of the aromatic ring.
Unfortunately, no reliable calculations are available for the
potential energy surface of phenol*-Ar,. Moreover, spectro-
scopic evidence for the geometric structure of neutral
phenol-Ar, is scarce and not unambiguous as it relies on
vibrationally resolved spectra only.'*!**** Recent hole-
burning spectra of phenol-Ar, with n=1 and 2 demonstrated
that all spectral features observed in the S;<+S, REMPI
spectra indeed arise from single isomers in the molecular
beam expansion, which have been assigned to m-bonded
structures for both n=1 and n=2. The refined analysis of the
intermolecular vibrational structure observed for phenol-Ar,
was, however, compatible with both a (1[1) and a (2]0)
structure.”” The main purpose of the present work is to pro-
vide the definitive answer to the question of the geometry of
the phenol-Ar, trimer.

Il. METHODS
A. Experimental procedures

The experimental setup for rotationally resolved laser
induced fluorescence spectroscopy is described in detail
elsewhere.* Briefly, it consists of a ring dye laser (Coherent
899-21) operated with Rhodamine 110, pumped with 7 W of
the frequency-doubled output of a diode pumped Yb:YAG
(yttrium aluminum garnet) disk laser (ELS Versadisk). About
600-700 mW of the fundamental dye laser output is coupled
into an external folded ring cavity (Spectra Physics) for sec-
ond harmonic generation. The typical output power is 20
mW and is constant during each experiment. The molecular
beam is formed by expanding phenol, heated to 365 K, and
seeded in 600 mbars of argon, through a 230 wm hole into
the vacuum. The molecular beam machine consists of three
differentially pumped vacuum chambers that are connected
by two skimmers (1 and 3 mm diameter, separated approxi-
mately 200 mm) in order to reduce the Doppler width to 25
MHz. The molecular beam is crossed at right angles with the
laser beam in the third chamber, 360 mm downstream of the
nozzle. The resulting fluorescence is collected perpendicular
to the plane defined by the laser and the molecular beam by
an imaging optics setup consisting of a concave mirror and
two planoconvex lenses. The fluorescence is detected by a
UV enhanced photomultiplier tube whose output is recorded
by a PC based photon counter card. The relative frequency is
determined with a quasiconfocal Fabry—Pérot interferometer.
The absolute frequency is determined by recording the io-
dine absorption spectrum and comparison of the transitions
with tabulated lines.”’
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The experimental apparatus for REMPI spectroscopy has
been described in detail previously.38 Phenol-Ar, clusters
were produced in a skimmed supersonic expansion by pass-
ing argon gas over a heated phenol sample (330-350 K) in
an internal sample holder located directly behind the valve.
The pressure of argon gas can be varied up to 8 bars in order
to optimize the production of phenol-Ar, clusters. The rota-
tional temperature of the molecules is approximately 4 K
after the expamsion.21 The molecular beam interacts with the
counterpropagating, frequency-doubled output of two
Nd:YAG pumped dye lasers (Radiant Dyes, Narrow Scan)
using Coumarin 153 for excitation, while a mixture of
sulforhodamine B and 4-dicyanomethylene-2-methyl-6-p-
dimethylaminostyryl-4H-pyran (DCM) was used for the ion-
ization laser to achieve a wide tuning range. The lasers were
calibrated (+0.02 cm™!) with reference to simultaneously
recorded iodine absorption spectra, corrected from air to
vacuum.

Phenol was purchased from Riedel-de Haén and was
used without further purification. 7D-phenol was produced
by refluxing phenol with an excess of D,O and subsequent
removal of solvent.

B. Computational methods
1. Quantum chemical calculations

Quantum chemical calculations were performed with the
TURBOMOLE (Ref. 39) and ORCA (Ref. 40) program pack-
ages. The Gaussian atomic orbital basis sets were taken from
the TURBOMOLE library.*** The economic triple-zeta
Ahlrichs-type sets with different numbers of polarization
functions (TZVP or TZVPP) as well as the triple and
quadruple-zeta sets of Dunning® including diffuse basis
functions (aug-cc-pVTZ and aug-cc-pVQZ) have been em-
ployed. Using these sets a detailed basis set dependence
study has been performed for the structure of phenol-Ar,.
The equilibrium geometries of the electronic ground and the
lowest excited singlet states were optimized at the level of
the approximate coupled cluster singles and doubles model
(CC2) employing the resolution-of-the-identity approxi-
mation.**** The CC2 method represents the simplest reliable
ab initio treatment of electron correlation consistent for both
ground and excited states, which is necessary to describe
noncovalently bound complexes. In addition, we also consid-
ered the currently most accurate density functional theory
(DFT) approach for noncovalent interactions, namely, a
double-hybrid functional including empirical dispersion cor-
rections (B2PLYP-D).***” This method explicitly includes
nonlocal correlation effects and yields very accurate results
close to those of CCSD(T) for the widely used S22 bench-
mark set of vdW complexes. Full geometry optimizations
using analytical B2PLYP-D gradients48 were performed for
this method and only ground states were considered.

2. Franck-Condon simulations

The change in a molecular geometry on electronic exci-
tation can be determined from the intensities of absorption or
emission bands using the FC principle. According to the FC
principle the relative intensity of a vibronic band depends on
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0 50 100
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FIG. 1. Two-color (1+1’)S,4S, REMPI excitation spectra of phenol-Ar,
(n=1-2). The spectra were recorded with the probe laser set to
32210 cm™!. Assignments of intermolecular modes are included for the n
=1 complex. Frequencies are relative to the electronic origin of the n=1
cluster at 36 315.05 and of the n=2 cluster at 36 280.94 cm™'.

the overlap integral of the vibrational wave functions in both
electronic states, which is determined by the relative shift of
the two potential energy curves connected by the vibronic
transition along the normal coordinates Q of both states and
the vibrations involved,

2
FC=

f [V (@) ¥"(Q"dQ’

RO (1)

where the W(Q) are the N-dimensional vibrational wave
functions. The normal coordinates Q' of the excited state and
Q" of the ground state are related by the linear orthogonal
transformation given by Duschinsky.m

The program FCFIT (Ref. 50) determines the structural
changes on electronic excitation from the experimentally de-
termined intensity pattern. Simultaneously, the changes in
the rotational constants are used in the fit to assess the ge-

=@, ...,upl”, ..

Phenol-Ar, Experiment

Simulation

Simulation
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relative Frequency / MEfz
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FIG. 2. Rotationally resolved spectrum of the electronic origin of the
phenol-Ar, cluster at 36 315.05 cm™' and simulation of the spectrum using
the molecular parameters from the best ES fit, given in Table I. The lower
two traces show an expanded view in the range from -10000 to
+10 000 MHz relative to the electronic origin.
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TABLE I. Comparison of the molecular parameters from the fit to the rotationally resolved electronic spectrum
of phenol-Ar, (Fig. 2) and 7D-phenol-Ar, (not shown), to the results of ab initio calculations. For the definition

of the parameters, see text.

Phenol-Ar, 7D-phenol-Ar;
Expt. cc2? B2PLYP-D" Expt. cc2? B2PLYP-D°

A"/MHz 1818.7(5) 1804.00 1827.00 1780.1(5) 1760.85 1784.28
B"/MHz 1124.9(5) 1210.25 1200.86 1120.2(5) 1202.34 1191.87
C"/MHz 917.5(14) 973.25 971.28 905.5(7) 958.00 955.70
&/ (deg) 0° 0.36 0° 0.37 I
AA/MHz —43.94(6) -37.12 —43.44(3) —34.61

AB/MHz 24.40(3) 31.66 25.19(2) 31.30

AC/MHz 23.35(2) 32.16 23.26(2) 31.44

“With the TZVP basis set.
"With the aug-cc-pVTZ basis set.
“Fixed to zero in the fit.

ometry change on excitation. The program was used to fit the
intensities in the absorption spectrum using only the experi-
mentally determined changes in the rotational constants. The
necessary Hessians for ground and excited states were taken
from the CC2/TZVP calculations.

3. Evolutionary strategies

The rotationally resolved electronic spectra were fit to an
asymmetric rigid rotor Hamiltonian with the help of evolu-
tionary strategies (ESs). Contrary to most previous applica-
tions of genetic algorithm techniquesﬂ’53 in the evaluation of
molecular parameters from rotationally resolved electronic
spectra(”ﬂ*‘;(’ a different ES with mutative step size control
was used in the present work. Mutative step size control
adapts the speed at which the parameter space is explored
with each optimization step. It tends to work well for the
adaptation of a global step size but tends to fail when it
comes to the step size of each individual parameter due to
several disruptive effects.’’ The derandomized algorithm
DR2 used here™ is aiming at the accumulation of informa-
tion about the correlation or anticorrelation of past mutation
vectors that connect trial solutions in order to tackle this
problem. The high effectiveness of this approach for spectral
analysis has been demonstrated recently.59

lll. RESULTS AND DISCUSSION
A. REMPI spectra of phenol-Ar,_,

REMPI spectra of the phenol-Ar, (n=1-2) clusters are
shown in Fig. 1. Spectroscopic results are in agreement with
previous studies™ but show considerable improvement in
signal-to-noise ratio.

In the REMPI spectra of the phenol-Ar, cluster [Fig.
1(a)], the most intense feature, the S, band origin, appears at
36316.4%=0.5 cm™!, in very good agreement with the pre-
vious value of 36 316+0.5 cm™".*** The position of the
origin transition represents a redshift of 33 cm™' with re-
spect to the S§; origin of the phenol monomer at
36 348.7 cm™.% The spectrum also exhibits a number of
vdW vibrational modes at 23, 42, and 53 cm™! above the

band origin. They have been previously assigned as the
bending mode fS,, its overtone, 2/3,, and the intermolecular
stretch O'S.ZI

The most prominent spectral feature in the phenol-Ar,
spectrum [Fig. 1(b)] at 36 282.1+0.5 cm™ is assigned to
the §, <3S, origin. Relative to the phenol-Ar; band origin,
this peak is redshifted by 34 cm™!, suggesting that the argon
atom solvates the phenol molecule at a similar binding site to
that in phenol-Ar,. In a previous study35 several smaller vis-
ible features in the spectrum were assigned to a progression
in an intermolecular bending vibration (B,, 23,, and 38, at
14, 27, and 39 cm™') and excitation of the intermolecular
stretch (o, at 36 cm™). Tt was argued that this vibronic as-
sighment is not unique and an asymmetric (2]|0) structure
cannot be excluded for the phenol-Ar, cluster.”

B. Rotationally resolved electronic spectrum of
phenol-Ar,

The rotationally resolved electronic spectrum of the
electronic origin of the phenol-Ar, cluster at 36 315.05 cm™'
is shown in Fig. 2. It is a nearly pure c-type spectrum which
is dominated by a strong central Q-branch, shown in an ex-
panded view in the lower trace of Fig. 2. Since no a- or
b-type transitions could be incorporated unambiguously into
the fit, the final fit was made to a pure c-type asymmetric
rotor Hamiltonian. The same is true for the other high-
resolution spectra discussed below.

Close agreement between the experimental spectrum and
the simulation is obtained. The parameters deduced from this
fit, listed in Table I, are the rotational constants in the S, state
(A”,B",C"), the change in rotational constants on electronic
excitation (A(A,B,C)), the frequency of the ;< S, origin
transition, and the direction of the transition dipole moment
with respect to the system’s main inertial a-axis (expressed
in the angle ¢).5(’ The rotational temperature of the mol-
ecules in the molecular beam was described using a two
temperature model®”® with T,=2.1 K, T,=6.5 K, and a
relative weight factor of 0.01 for 7,. The Lorentzian width
cannot be transformed into an excited state lifetime in this
case, since the spectrum contains an unresolved torsional
splitting due to the OH torsion and serves only to obtain



224303-5 The structure of phenol-Ar clusters

J. Chem. Phys. 130, 224303 (2009)
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FIG. 3. Rotationally resolved spectrum of the electronic origin of
phenol-Ar, at 36 280.94 cm™' and simulation of the spectrum using the
molecular parameters from the best ES fit, given in Table II. The lower two
traces show an expanded view in the range of —9000 to +10 000 MHz
relative to the electronic origin.

good agreement between simulation and experiment."2 The
rotational constants of the ground state of phenol-Ar; deter-
mined from the high-resolution spectrum show significant
deviations from those obtained from a contour fit to a low-
resolution spectrum (with deviations of up to 4%),”" demon-
strating the limits of the latter technique for the extraction of
quantitative structural information.

The second isotopologue which has been investigated is
the 7D-phenol-Ar; cluster, which has its electronic origin at
36 312.74 cm™! (spectrum not shown here). The linewidth
of the rovibronic transitions in the deuterated cluster is con-
siderably smaller than that of the undeuterated cluster, as is
the case in the bare monomer.”’ A comparison of the molecu-
lar parameters obtained from the ES fits of the phenol-Ar,;
and 7D-phenol-Ar; spectra with the results of quantum
chemical calculations is also given in Table I.

C. Rotationally resolved electronic spectrum of
phenol-Ar,

Figure 3 shows the rotationally resolved electronic spec-
trum of the phenol-Ar, origin at 36 280.94 cm™'. As for the

TABLE II. Comparison of the molecular parameters from
of phenol-Ar, and 7D-phenol-Ar, shown in Figs. 3 and 4,
the (1]1) structure.

1000
relative Frequency / MHz

FIG. 4. Rotationally resolved spectrum of the electronic origin of
7D-phenol-Ar, at 36 278.62 cm™' and simulation of the spectrum using the
molecular parameters from the best ES fit (Table II). The lower two traces
show an expanded view in the range of —1000-3000 MHz relative to the
electronic origin.

phenol-Ar; cluster, the spectrum is dominated by a strong
Q-branch and can fully be simulated using selection rules for
c-type bands. At 36 278.62 cm™' the origin of its hydroxy
deuterated isotopologue is found (Fig. 4). Also displayed are
the simulations using the best fit parameters from Table II.
Table II compares the molecular parameters obtained from
ES fits of the phenol-Ar, and 7D-phenol-Ar, spectra with the
results of quantum chemical calculations at different levels
of theory and using different basis sets. For details about the
calculations, cf. Sec. III E.

D. The structures of the phenol-Ar, , clusters

The comparison of the experimental and calculated rota-
tional constants of phenol-Ar; confirms that the cluster has a
ar-bound structure. Calculations also indicate the existence of
a second stable structure, in which the argon atom is hydro-
gen bonded to the phenol OH group. However, this structure
was not observed in the experiment. Both structures are de-
picted in Fig. 5. The structure of the phenol-Ar, cluster ob-
served experimentally, however, has not been unequivocally
determined yet. The most important clue concerning its

the fit to the rotationally resolved electronic spectrum
respectively, to the results of ab initio calculations of

Phenol-Ar, 7D-phenol-Ar,
Expt. cCc2? B2PLYP-D" Expt. cc2? B2PLYP-D"

A"/MHz 1777.6(5) 1774.10 1779.87 1726.4(5) 1724.23 1729.10
B"/MHz 462.5(3) 496.74 494.08 462.1(2) 496.41 493.77
C"/MHz 420.7(5) 449.69 447.42 417.8(2) 446.67 444.38
¢/(deg) 0° 0.35 - 0° 0.35 -
AA/MHz —18.44(2) —25.92 —15.45(2) -22.76

AB/MHz 12.33(2) 19.23 1231(2) 19.21

AC/MHz 13.23(2) 18.97 13.19(2) 18.85

*With the TZVP basis set.
°With the aug-cc-pVTZ basis set.
‘Fixed to zero in the fit.
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FIG. 5. Geometries of both considered phenol-Ar, isomers: The hydrogen
bonded structure (left) and the vdW bonded structure (right).

structure is the rotationally resolved electronic spectrum of
its S; origin. The rotational constants that can be expected
for the different possible configurations (Fig. 6) are given in
Table III. For the hydrogen bonded structure no changes in
the rotational constants upon electronic excitation are given
since no stable §; state minimum was found. Comparison
with the experimental parameters from Table II provides un-
ambiguous evidence for the (1 | 1) structure of this cluster.

E. Structural parameters

The performance of different methods and basis sets for
the prediction of the rotational constants and the distance of
the argon atom(s) to the aromatic plane is compared in Table
IV. Comparing the experimental with the calculated rota-
tional constants, one has to bear in mind that the rotational
constants from the calculations represent By (g=a,b,c) val-
ues based on the r, structure, while the experimental values
are Bg values based on the vibrationally averaged r, struc-

=

cCO GO

el

FIG. 6. Calculated geometries of various phenol-Ar, clusters (CC2/TZVP):
the hydrogen bonded structure (top), the (2|0) structure (middle), and the
(1]1) structure (bottom).
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TABLE III. CC2/TZVP calculated rotational constants for several possible
phenol-Ar, complexes (Fig. 6).

Vdw
(1]1) (2]0) Hydrogen bound

A"/MHz 1774.1 1095.4 1133.3
B"/MHz 496.7 651.7 4433
C"/MHz 449.7 512.4 384.9
AA/MHz —259 93.1
AB/MHz 19.2 —52.0

AC/MHz 19.0 —15.1

ture. We used Dunning’s triple- and quadruple-{ basis sets
augmented with diffuse functions (aug-cc-pVTZ and aug-cc-
pVQZ) as well as the Karlsruhe triple-{ basis sets, aug-
mented with single and double sets of polarization functions
(TZVP and TZVPP) at the CC2 level. The argon atoms are
located on the inertial a-axis, thus the motion of the argon
atoms in the very shallow potentials parallel to the plane of
phenol (the B, and B, vibrations, described in Sec. III F) will
have a considerable effect on the B and C rotational con-
stants. Especially, since the mean squared deviation due to
zero-point vibration from the hypothetical equilibrium struc-
ture is positive, the experimental B and C rotational con-
stants are expected to be smaller than the calculated ones.
This is certainly the case here. A more thorough comparison
of the effects of basis set size thus requires a correction of
the calculated structure by zero-point vibrational effects in
these weakly bound clusters. Calculations are on the way in
order to obtain anharmonically corrected vibrationally aver-
aged rotational constants on the respective level of theory.
Since this procedure requires the computation of cubic and
some of the quartic force constants at the respective level,
this approach is extremely time-consuming and exceeds the
scope of this article.

The intermolecular structures of the vdW bonded
phenol-Ar; , clusters were determined from the experimental
rotational constants by means of a pseudo-Kraitchman £it™
as described by Schmitt et al® using the normal and hy-
droxy deuterated isotopologues. The use of pseudo-
Kraitchman geometry parameters (r,) has the advantage that
the difference in the r, structural parameters is smaller than
for the rotational constants, which are based on r values.®>%°

For the n=1 cluster the perpendicular distance of the
argon atom to the aromatic plane is given in Table IV and
compared to the respective results from the B2PLYP-D/aug-
cc-pVTZ and CC2/TZVP optimized structures. On electronic
excitation, the argon distance decreases by more than 6 pm.
This decrease can be traced back to the expected increase of
dispersion energy for excited state complexes and to favor-
able orbital interactions that are repulsive in the ground state
due to the Pauli exclusion principle.

For the n=2 cluster a slightly larger distance (about
2 pm) of the argon atom to the aromatic plane is observed for
both the ground and the electronically excited state than for
the n=1 cluster (cf. Table IV). For the pseudo-Kraitchman fit
the distance of both argon atoms to the ring system was
chosen to be the same. The experimentally determined dis-
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TABLE IV. Calculated rotational constants and distance d of the argon atoms from the phenol plane obtained
from a pseudo-Kraitchman fit in phenol-Ar; and phenol-Ar,.

cec2
TZVP  TZVPP  aug-cc-pVTZ  aug-cc-pVQZ  B2PLYP-D (aug-cc-pVTZ)  Expt.
Phenol-Ar,
A"/MHz 1804.0  1813.1 1814.2 1815.8 1827.00 1818.7
B"/MHz 12103 1200.5 1225.9 1227.8 1200.86 1124.9
C"/MHz 973.3 969.5 986.8 988.9 971.28 917.5
d(Sp)/pm 340 341 337 338 341 352.6(9)
d(S,)/pm 334 334 346.1(8)
Phenol-Ar,
A"/MHz 1774.1 1755.6 1751.4 1757.5 1779.9 1777.6
B"/MHz 496.7 495.1 509.2 509.9 494.1 462.5
C"/MHz 449.7 4472 458.5 459.2 4474 420.7
d(Sp)/pm 344 345 336 336 342 354.5(2)
d(S,)/pm 336 336 348.5(4)

tances in the n=1 and n=2 clusters agree reasonably well
with the calculated parameters, with all experimental values
being larger by 10-18 pm compared to the calculated values
depending on the level of theory and basis set employed. A
similar overestimation of binding energy and corresponding
underestimation of intermolecular distances as known for
MP2 (Ref. 67) can be expected with CC2 for the here con-
sidered phenol-Ar, complexes. Thus, also the currently most
accurate DFT approach for noncovalent interactions, a
double-hybrid functional including empirical dispersion
corrections”’ is included in Table IV and is compared to the
CC2 values. It yields for both clusters better agreement than
CC?2 with the most appropriate basis set (aug-cc-pVQZ). The
shorter distances of the calculations compared to the experi-
ments have to be traced back to both overestimation of bind-
ing energy and the lack of inclusion of vibrational zero-point
averaging in the calculations. Both typically contribute 5 pm
in the intermolecular distances, yielding a very good agree-
ment with the experimental value.

In order to understand why the distance of the argon
atoms to the phenol ring is larger for the n=2 cluster, a
decomposition of the total binding energy of the argon atoms
to the phenol ring into its constituents [energy decomposition
analysis (EDA), for details see, e.g., Ref. 68] is presented in
Table V. Calculations were done at the B97-D/def2-TZVP
EDA level of theory using the CC2/aug-cc-pVTZ optimized
geometry. To enable this comparison the geometry used for
the phenol-Ar; complex was that of the Phenol-Ar, complex
with one of the argon atoms removed. The contribution per
argon atom due to dispersion interaction is exactly equal for

both n=1 and n=2 clusters due to the DFT-D approximation
used in this analysis. The Pauli exchange repulsion is nearly
equal due to the fixed geometries employed, and only the
induction and electrostatic terms are notably different. While
the electrostatic term tends to stabilize the n=2 cluster even
more, the induction term overcompensates this effect. Half of
the sum of electrostatic and induction interactions for the n
=2 cluster is about 0.05 kcal/mol smaller than the sum of
electrostatic and induction for the n=1 cluster. This small but
significant decrease in binding energy for the phenol-Ar,
complex is consistent with a longer phenol-argon distance.
The most likely explanation for the smaller induction com-
ponent is that the symmetry of the phenol-Ar, complex does
not allow for the existence of an induced dipole moment
perpendicular to the phenol plane.

Finally, we note that the total binding energy of 0.903
keal/mol (316 cm™') for phenol-Ar, is consistent with the
experimental value of 364+ 13 cm™ demonstrating that
this theoretical level accounts in a semiquantitative fashion
for the intermolecular forces in this cluster.

F. Vibrational frequencies

Table VI compares the vibrational frequencies for the
phenol-Ar, cluster obtained from its REMPI spectrum (Fig.
1) with the CC2 S,-state vibrational frequencies for the (1]1)
cluster. The frequencies are somewhat overestimated, but on
the whole the agreement is satisfactory. To test whether the
assignments given in Table VI are reasonable a FC simula-
tion was performed using the geometries and the Hessian

TABLE V. Decomposition of the different contributions to the binding energy (in kcal/mol) of argon atoms to
the phenol ring in the electronic ground state at the DFT-B97-D/def2-TZVP level. The dispersion contribution
is exactly additive (compare values in last column, first and last rows) in the DFT-D treatment used.

Complex Total Pauli Electrostatic Induction Electrostatic+induction Dispersion
Phenol-Ar; —0.903  3.632 —1.382 —0.675 —2.057 —2.478
Phenol-Ar, —1.684 7273 —2.822 -1.178 —4.000 —4.956
%phenol—Arz —0.849  3.636 —1.411 —0.589 —2.000 —2.478
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TABLE VI. Phenol-Ar, intermolecular vibrational frequencies (in cm™') as
determined from Fig. 1 compared with CC2/TZVP calculated S;-state vibra-
tional frequencies for the (11) cluster.

Experiment cC2 Assignment
14 15 B!
20° 19 B,
27 28" B8
cen 26 )\,1(
36 51 a!
39 42° B
e 61 A
e 68 o
47 69" al+p

“From Ref. 35.
PHarmonic combination and overtone bands.

matrix from the CC2 calculations of both electronic states
and the changes in the rotational constants given in Table II.
From the rotational constants of the two isotopologues
phenol-Ar, and 7D-phenol-Ar, the changes of six rotational
constants upon excitation are obtained and can be used in the
fit. With these six changes in the rotational constants, five
modes have been used as basis for the geometry distortion
upon excitation. These modes are the lowest five intermo-
lecular modes from Table VI. The result displayed in Fig. 7
shows good agreement with experiment, confirming the as-
signments of Table VI. In order to facilitate the comparison
of the experimental and FC fitted spectrum the theoretical
frequencies have been set to the values of the experimental
ones.

The vibrational assignments show that all peaks in the
REMPI spectrum can be explained as progressions and com-
binations of just two modes, S, and oy. For transitions from
the ground state, these two modes are the only ones that are
allowed in C,, symmetry, which is a near-symmetry group
for the (1]1) cluster.” Under its proper symmetry group, Ci,
B, also becomes allowed, although its transition strength is
ekpected to be low. Indeed, this mode has been detected at

REMPI Phenol-Ar,

T T

0 20 40 60 50
relative frequency / e’

FIG. 7. FC simulation of the phenol-Ar, REMPI spectrum shown in
Fig. 1(b). Frequencies are given with respect to the S, S, origin transition
at 36280.94 cm™'. The corresponding peak assignments are given in
Table VI.

J. Chem. Phys. 130, 224303 (2009)

20 cm™! in the hole-burning spectrum of phenol-Ar, due to
intensity enhancement arising from saturation effects of
weak transitions. In contrast, the (2]0) structure has C; sym-
metry and all six intermolecular vibrations are allowed in
this isomer. The vibrational assignments of Table VI are
therefore in agreement with the (1|1) structure of the ob-
served cluster.”

IV. CONCLUSIONS

The intermolecular structure of the phenol-Ar, (n=1,2)
clusters has been investigated with high-resolution UV spec-
troscopy. From the rotational constants it could be deduced
that in both clusters the argon atoms are vdW bonded to the
phenol ring, with the n=2 cluster adopting a (1|1) confor-
mation where one argon atom is located on each side of the
ring. Further evidence for these structures was extracted
from REMPI spectra with the help of FC simulations. Quan-
tum chemical calculations at the CC2 and B2PLYP-D levels
of theory were performed to identify the most stable isomers,
which are in full agreement with these assignments.

The distance between the argon atoms and the phenol
ring was found to be slightly larger in the n=2 cluster than in
the n=1 cluster. A decomposition of the cluster binding en-
ergy into individual contributions showed that this is due to a
smaller inductive force between the ring and the argon atom
in the n=2 cluster, arising from noncooperative three body
induction interactions. Since the dominant inductive force
arises from dipole-induced dipole interaction it was con-
cluded that a small contribution to the induced dipole mo-
ment perpendicular to the phenol plane, which is forbidden
by symmetry in the n=2 cluster, is most likely responsible
for the smaller distance in the n=1 cluster.

ACKNOWLEDGMENTS

This work was supported by the Netherlands Organiza-
tion for Scientific Research and the Deutsche Forschungsge-
meinschaft in the framework of the NWO-DFG bilateral
program (Grant No. SCHMI1043/10). O.D. gratefully
acknowledges financial support from the Deutsche
Forschungsgemeinschaft (Grant No. DO729/2).

'E. A. Meyer, R. K. Castellano, and F. Diederich, Angew. Chem., Int. Ed.
42,1210 (2003).

D. J. Nesbitt, Annu. Rev. Phys. Chem. 45, 367 (1994).

*H. J. Neusser and K. Siglow, Chem. Rev. (Washington, D.C.) 100, 3921
(2000).

“H. J. Neusser and H. Krause, Chem. Rev. (Washington, D.C.) 94, 1829
(1994).

SE. J. Bieske and O. Dopfer, Chem. Rev. (Washington, D.C.) 100, 3963
(2000).

SW. L. Meerts, M. Schmitt, and G. Groenenboom, Can. J. Chem. 82, 804
(2004).

M. Schmitt, C. Ratzer, and W. L. Meerts, J. Chem. Phys. 120, 2752
(2004).

8T. M. Korter, J. Kiipper, and D. W. Pratt, J. Chem. Phys. 111, 3946
(1999).

°J. E. Braun, T. L. Grebner, and H. J. Neusser, J. Phys. Chem. A 102,
3273 (1998).

'"N. Gonohe, H. Abe, N. Mikami, and M. Ito, J. Phys. Chem. 89, 3642
(1985).

g J. Bieske, M. W. Rainbird, I. M. Atkinson, and A. E. W. Knight, J.
Chem. Phys. 91, 752 (1989).

'*M. Mons, J. L. Calve, F. Piuzzi, and L. Dimicoli, J. Chem. Phys. 92, 2155



224303-9 The structure of phenol-Ar clusters

(1990).

BMm. Schmidt, M. Mons, and J. L. Calve, Z. Phys. D: At., Mol. Clusters 17,
153 (1990).

4GV Hartland, B. F. Henson, V. A. Venturo, and P. M. Felker, J. Phys.
Chem. 96, 1164 (1992).

'S A. Fujii, M. Miyazaki, T. Ebata, and N. Mikami, J. Chem. Phys. 110,
11125 (1999).

to, Ebata, A. Iwasaki, and N. Mikami, J. Phys. Chem. A 104, 7974
(2000).

7. Makarewicz, J. Chem. Phys. 111, 084310 (1999).

"8F. Tran and T. A. Wesolowski, Int. J. Quantum Chem. 101, 854 (2005).

7. Cerny, X. Tong, P. Hobza, and K. Miiller-Dethlefs, J. Chem. Phys.
128, 114319 (2008).

%M. A. Vincent, I. H. Hillier, C. A. Morgado, N. A. Burton, and X. Shan,
J. Chem. Phys. 128, 044313 (2008).

*'M. S. Ford, S. R. Haines, L. Pugliesi, C. E. H. Dessent, and K. Miiller-
Dethlefs, J. Electron Spectrosc. Relat. Phenom. 112, 231 (2000).

22X, Zhang and J. L. Knee, Faraday Discuss. 97, 299 (1994).

BC.E. H. Dessent, S. R. Haines, and K. Miiller-Dethlefs, Chem. Phys.
Lett. 315, 103 (1999).

24C. E. H. Dessent and K. Miiller-Dethlefs, Chem. Rev. (Washington, D.C.)
100, 3999 (2000).

3. R. Haines, C. E. H. Dessent, and K. Miiller-Dethlefs, J. Electron Spec-
trosc. Relat. Phenom. 108, 1 (2000).

% A. Fujii, T. Sawamura, S. Tanabe, T. Ebata, and N. Mikami, Chem. Phys.
Lett. 225, 104 (1994).

?'N. Solca and O. Dopfer, Chem. Phys. Lett. 325, 354 (2000).

N. Solca and O. Dopfer, J. Mol. Struct. 563-564, 241 (2001).

»N. Solca and O. Dopfer, J. Phys. Chem. A 105, 5637 (2001).

%N. Solca and O. Dopfer, Chem. Phys. Lett. 369, 68 (2003).

310, Dopfer, Z. Phys. Chem. 219, 125 (2005).

27, Cerny, X. Tong, P. Hobza, and K. Miiller-Dethlefs, Phys. Chem. Chem.
Phys. 10, 2780 (2008).

Bs. Ishiuchi, M. Sakai, Y. Tsuchida, A. Takeda, Y. Kawashima, M. Fujii,
O. Dopfer, and K. Miiller-Dethlefs, Angew. Chem., Int. Ed. 44, 6149
(2005).

s, Ishiuchi, M. Sakai, Y. Tsuchida, A. Takeda, Y. Kawashima, O. Dopfer,
K. Miiller-Dethlefs, and M. Fujii, J. Chem. Phys. 127, 114307 (2007).
g, Ishiuchi, Y. Tsuchida, O. Dopfer, K. Miiller-Dethlefs, and M. Fujii, J.

Phys. Chem. A 111, 7569 (2007).

M. Schmitt, J. Kiipper, D. Spangenberg, and A. Westphal, Chem. Phys.
254, 349 (2000).

37S. Gerstenkorn and P. Luc, Atlas du Spectre D’Absorption de la Molécule
D’iode14 800~20 000 cm™' (CNRS, Paris, 1986).

S, R. Haines, W. D. Geppert, D. M. Chapman, M. J. Watkins, C. E. H.
Dessent, M. C. R. Cockett, and K. Miiller-Dethlefs, J. Chem. Phys. 109,
9244 (1998).

¥R, Abhlrichs, M. Bir, and H.-P. Baron, TURBOMOLE (version 5.7), Univer-

J. Chem. Phys. 130, 224303 (2009)

sitit Karlsruhe, Germany, 2002.

“OF, Neese, ORCA, an ab initio, density functional and semiempirical pro-
gram package, University of Bonn, Germany, 2007.

*'R. Ahlrichs, M. Bir, M. Hiser, H. Horn, and C. Kélmel, Chem. Phys.
Lett. 162, 165 (1989).

A, Schiifer, C. Huber, and R. Ahlrichs, J. Chem. Phys. 100, 5829 (1994).

“J. T. H. Dunning, J. Chem. Phys. 90, 1007 (1989).

*(C. Hittig and A. Kohn, J. Chem. Phys. 117, 6939 (2002).

4. Hittig, J. Chem. Phys. 118, 7751 (2003).

“S. Grimme, J. Chem. Phys. 124, 034108 (2006).

“TT. Schwabe and S. Grimme, Phys. Chem. Chem. Phys. 9, 3397 (2007).

BE Neese, T. Schwabe, and S. Grimme, J. Chem. Phys. 126, 124115
(2007).

“F Duschinsky, Acta Physicochim. URSS 7, 551 (1937).

Ip. Spangenberg, P. Imhof, and K. Kleinermanns, Phys. Chem. Chem.
Phys. 5, 2505 (2003).

'3, H. Holland, Adaption in Natural and Artificial Systems (The University
of Michigan Press, Ann-Arbor, MI, 1975).

“D. E. Goldberg, Genetic Algorithms in Search, Optimisation and Ma-
chine Learning (Addison-Wesley, Reading, MA, 1989).

3L Rechenberg, Evolutionsstrategie: Optimierung Technischer Systeme
Nach Prinzipien der biologischen Evolution (Frommann-Holzboog, Stut-
tgart, 1973).

H*1A. Hageman, R. Wehrens, R. de Gelder, W. L. Meerts, and L. M. C.
Buydens, J. Chem. Phys. 113, 7955 (2000).

»W. L. Meerts and M. Schmitt, Phys. Scr. 73, C47 (2006).

*W. L. Meerts and M. Schmitt, Int. Rev. Phys. Chem. 25, 353 (2006).

SN. Hansen and A. Ostenmeier, Evol. Comput. 9, 159 (2001).

% A. Ostenmeier, A. Gawelcyk, and N. Hansen, Step-Size Adaptation Based
on Non-Local Use of Selection Information, Parallel Problem Solving
From Nature, Vol. 3 (Springer, Berlin/Heidelberg, 1994).

1. Kalkman, C. Vu, M. Schmitt, and W. L. Meerts, ChemPhysChem 9,
1788 (2008).

“c. Ratzer, J. Kiipper, D. Spangenberg, and M. Schmitt, Chem. Phys. 283,
153 (2002).

'y, R. Wu and D. H. Levy, J. Chem. Phys. 91, 5278 (1989).

g, Berden, W. L. Meerts, M. Schmitt, and K. Kleinermanns, J. Chem.
Phys. 104, 972 (1996).

Sp Nosberger, A. Bauder, and H. H. Giinthard, Chem. Phys. 1, 418
(1973).

O4M. Schmitt, D. Kriigler, M. Bohm, C. Ratzer, V. Bednarska, I. Kalkman,
and W. L. Meerts, Phys. Chem. Chem. Phys. 8, 228 (2006).

€. Costain, J. Chem. Phys. 29, 864 (1958).

7. K. G. Watson, J. Mol. Spectrosc. 48, 479 (1973).

T.B.W. Klopper, H. P. Liithi, and A. Bauder, J. Chem. Phys. 101, 9747
(1994).

8, Grimme, J. Antony, T. Schwabe, and C. Miick-Lichtenfeld, Org. Bio-
mol. Chem. 5, 741 (2007).



148 KAPITEL 5. VEROFFENTLICHUNGEN

5.7 o-Toluidine



5.7. O-TOLUIDINE
PAPER

149

www.rsc.org/pccp | Physical Chemistry Chemical Physics

Structure and internal rotation in the S, and S, states of o-toluidine
studied by high resolution UV spectroscopy

Ivo Kalkman,” Chau Vu,? Michael Schmitt*® and W. Leo Meerts**

Received 26th November 2008, Accepted 23rd February 2009

First published as an Advance Article on the web 19th March 2009

DOI: 10.1039/b821157d

The rotationally resolved spectrum of the o-toluidine S; « S, origin was measured using
laser induced fluorescence spectroscopy. From the resulting spectrum torsional barriers to
internal rotation of the methyl group were derived, which resulted in S state values of

V3 =699 + 11 cm™' and Vs = 64 & 11 cm™! with an effective rotational constant F of
5.38 £ 0.04 cm™" while for the S, state the result was 73 = 40.87 + 0.14 cm™' and

Ve = —16.8 + 0.8 cm™! with F = 5.086 + 0.001 cm~'. The S, state structure was found

to be severely distorted, with the methyl group making a 7.7° degree angle with the benzene
ring. Evidence of an excited state precessional motion of the methyl group was found.

1. Introduction

One of the fundamental motifs in organic chemistry are
aromatic rings, and substituted benzenes have therefore been
studied vigorously over the years using a plethora of spectro-
scopic techniques. Some of the more interesting substitutions
involve flexible groups which give rise to dynamics, such as an
amino group (aniline) or a methyl group (toluene). In this
paper the dynamics in o-toluidine (also named o-methyl-
aniline), where both these groups are attached to the benzene
ring in neighbouring positions, will be investigated.

From aniline it is known that in the ground state its amino
group is pyramidal with respect to the benzene plane but
that its structure is quasi-planar in the S; state."? From
far-infrared (FIR) spectra the inversion barrier was deter-
mined to be around 525 cm~'.>* High resolution laser induced
fluorescence (LIF) spectra were unable to resolve a tunneling
splitting corresponding to the inversion motion, in keeping
with this high barrier.”® The situation for the toluidines is very
similar. The NH, inversion barriers in o-, m- and p-toluidine
were measured to be 558, 528 and 588 cm” !, respectively, all a
little higher than in aniline due to a higher electron density on
the amino nitrogen atom.’” High-resolution spectroscopy of
p-toluidine did not reveal a tunneling splitting due to the
inversion motion.® Such a splitting is therefore not expected
to show up in the o-toluidine spectrum.

The barrier to internal rotation of the methyl group in
substituted toluenes has been investigated for a large number
of substituents and substitution positions; a nice overview can
be found in a paper by Zhao et al.’ Looking through the tables
in this paper a general trend can be observed: for ortho-
substituted toluenes electronic excitation dramatically reduces
an initially high threefold barrier, whereas for meta-
substituted toluenes the methyl group rotation is almost free

“ Molecular- and Biophysics Group, Institute for Molecules and
Materials, Radboud University Nijmegen, P.O. Box 9010,
NL-6500 GL, Nijmegen, The Netherlands.
E-mail: Leo.Meerts@science.ru.nl

" Heinrich-Heine-Universitdt, Institut fiir Physikalische Chemie,
D-40225, Diisseldorf, Germany. E-mail: mschmitt@uni-duesseldorf.de

in the S, state but becomes severely hindered in the S; state.
Since the para-substituted toluenes have no threefold barrier
due to their higher symmetry their barriers are generally lower,
but the same general effect as in meta-substituted toluenes can
be observed. This means that the barrier height depends much
more on the substitution position than on the exact nature of
the substituent, and an explanation for these effects is most
likely connected to the electronic configuration of these sub-
stances. When the substituents considered here, which are all
electron donating groups, are replaced with an electron
withdrawing group we would therefore expect to see very
different behavior, as was confirmed in later experiments on
tolunitrile.'” In the case of o-toluidine the barriers to internal
rotation were determined from fluorescence excitation and
dispersed fluorescence spectra by Okuyama et al. which
resulted in V3 = 703 em™', Vs = 62 cm™! in the S, state
and V3 = 40 em™', Vg = —11 em™' in the S; state."
The barrier in the cation was measured to be V3 =
649 cm™!, Vg = 19 em L1213

Calculations on various substituted toluenes have been
quite successful in reproducing measured barriers by relating
its height to the Hammett o constant of the substituent
combined with substitution position'* and the difference in
n-bond order between both ring carbon bonds geminal to the
methyl rotor.'> These calculations show that the molecular
structure changes with rotation of the methyl group, regard-
less of substituent or substitution position. The molecular
geometries and conformational preferences of toluidines are
therefore closely connected to the barriers to internal rotation.

p-Toluidine has been studied most extensively since steric
hindrance between the methyl and amino groups is absent and
it is highly symmetric.3'""° The electronic effects described in
the previous paragraph are found to induce a precession of the
methyl group with its rotation. Moving to m- and o-toluidine
steric hindrance enhances this precessional motion and leads
to distortions of both the methyl and amino groups.?* 2
Simulations by Brodersen et al. have revealed that typical
changes in rotor axis orientation in substituted toluenes are on
the order of 1.5 degrees.?*

This journal is © the Owner Societies 2009
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In this paper the rotational constants of o-toluidine in its
So and S; states will be determined from rotationally resolved
UV LIF spectra and these will be used to derive an exact
molecular structure. Furthermore, accurate barriers to
internal rotation of the methyl group will be derived from
the spectra and possible evidence for a precessional motion of
the methyl rotor will be discussed.

2. Methods
2.1 Experimental procedures

The experimental setup for the rotationally resolved LIF is
described elsewhere.®® Briefly, it consists of a frequency
doubled Nd:YAG laser which pumps a ring dye laser
(Coherent 899-21) operated with Rhodamine 6G. The dye
laser output is coupled into an external folded ring cavity
(Spectra Physics Wavetrain) for second harmonic generation.
The typical output power is 20 mW and is constant during
each experiment.

The molecular beam is formed by co-expanding argon at a
backing pressure of 340 mbar and room temperature o-toluidine
into the vacuum through a 320 um nozzle. The molecular beam
machine consists of three differentially pumped vacuum
chambers that are linearly connected by skimmers (I mm and
3 mm diameter, respectively). In the third chamber, 360 mm
downstream of the nozzle, the UV laser beam crosses the
molecular beam at right angles. Imaging optics focus the total
undispersed fluorescence from the excited molecules onto a
photo-multiplier tube mounted perpendicular to the plane
defined by the laser and the molecular beam. Its output is
discriminated and digitized by a photon counter card inside a
personal computer. The Doppler width of measured transitions
is 25 MHz (FWHM). Relative frequencies are determined with a
quasi-confocal Fabry-Perot interferometer with a free spectral
range (FSR) of 149.9434(56) MHz. The absolute frequency is
obtained by comparing the recorded iodine absorption spectrum
with tabulated lines.?®

o-Toluidine ( > 99%) was obtained from Aldrich and used
without further purification.

2.2 Computational methods

2.2.1 Ab initio calculations. Structure optimizations were
performed employing the valence triple zeta basis set with
polarization functions (d,p) from the TurBoMOLE library.?”-?®
The equilibrium geometries of the electronic ground and the
lowest excited singlet states were optimized at the CC2 level
within the resolution-of-the-identity approximation.”-*
Ground state vibrational frequencies have been calculated
through analytical second derivatives using the AOFORCE
module®'*? implemented in Turbomole Version 5.8. Excited
state vibrational frequencies were calculated using numerical
differentiation of analytic gradients using the NumForce script
of Turbomole Version 5.8.

The singlet state energies, wavefunctions, and transition
dipole moments were calculated using the combined density
functional theory/multi-reference configuration interaction
(DFT/MRCI) method by Grimme and Waletzke.>® The
configuration state functions (CSFs) in the MRCI expansion

are constructed from Kohn—Sham (KS) orbitals, optimized for
the dominant closed shell determinant of the electronic ground
state employing the BH-LYP functional.**3% All valence
electrons were correlated in the MRCI runs and the
eigenvalues and eigenvectors of the lowest singlet state were
determined. The initial set of reference configuration state
functions was generated automatically in a complete
active space type procedure (including all single and double
excitations from the five highest occupied molecular orbitals in
the KS determinant to the five lowest virtual orbitals) and was
then iteratively improved. The MRCI expansion was kept
moderate by extensive configuration selection. The selection
of the most important CSFs is based on an energy gap
criterion as described by Grimme and Waletzke.>* Only those
configurations were taken into account whose energy did
not exceed a certain cutoff energy. The energy of a given
configuration was estimated from orbital energies within the
selection procedure. The cutoff energy was given by the energy
of the highest desired root as calculated for the reference space
plus a cutoff parameter 0Es, = 1.0Ep. This choice has been
shown to yield nearly converged results.*®

2.2.2 Spectral analysis. To describe the o-toluidine
spectrum a torsion—rotation Hamiltonian of the following
form was used:*®

Hy = Fip— FJ? + V(o) + A2 + BE + CJ2 (1)

In this equation 4, B and C are the molecule’s rotational
constants, J,,, J, and J, are the projections of the total angular
momentum J onto the main inertial axes a, b and c, respectively,
and V() is the torsional potential, which takes the form:

V. V
V(oc)=73(1—cos3u)+76(1—cos6oz). (2)
Furthermore, p = ﬂ'h% is the angular momentum operator

conjugate to the torsional angle « and F'is the internal rotation
constant, which is related to the moment of inertia of the
internal rotor 7, and its torsional constant, F, via:

F = 1%/2rl, = Fiop/r, 3)
with
r=1-1,Y cos’(n,)/I,. (4)
g

I, (g = a,b,c) are the moments of inertia of the entire molecule
and cos 1, are the direction cosines of the methyl top axis with
respect to the main inertial axes. Finally, the parameter p in
eqn (1) is related to these direction cosines through the equation:

pe = (L/1)eos 1. )

This equation can be rewritten in terms of the polar angles
(C,n), where ( is the angle between the methyl top axis and the
c-axis and 7 is the angle between the projection of the methyl
top axis onto the ab-plane and the a-axis. When this is done
the components of p are given by:

Pa = (L/1)sin { cos n
py = (I/1p)sin { sin n (6)

pe = (L/1)cos L.

4312 | Phys. Chem. Chem. Phys., 2009, 11, 4311-4318
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It will be shown in section 3 that the torsional splitting
in the ground state is too small to be measured in the
experiment described here, which means that no information
on the corresponding ground state parameters can be
derived. The only information on the torsional potential that
can be extracted from the spectrum are the values of V', F', 5’
and {’. An initial fit of the rotationally resolved spectrum
was performed with the Evolutionary Algorithm (EA)
automatic fitting program®’ > using the recently implemented
DR2 algorithm.*® For this fit the values of V"5, V"¢, F”
and V's were taken from Okuyama er al.'' while the
values for n” and (" were fixed to those that resulted
from RICC2 calculations. In a second step the result-
ing V'3, F', n’ and {’ were used in combination with
torsional transition frequencies measured by laser induced
fluorescence?® and dispersed fluorescence'! spectroscopy to
determine the values of the torsional parameters that were
kept fixed in the first fit. This was done with the program
HTorFit.*!

3. Results and discussion

Fig. 1 shows the rotationally resolved S1 « S origin spectrum
of o-toluidine. It consists of two spectral components
separated by 98584 + S5 MHz. As has been shown
previously?>?* these result from transitions between the two
lowest torsional levels which arise from internal rotation of the
methyl group. The lower of the two components is due to
transitions between nondegenerate levels of a; symmetry while
the upper one results from transitions between doubly degen-
erate torsional levels of e symmetry. Shown in the panel below
the spectrum is the best fit. The correspondence between the
two is excellent, as is also evidenced by the enlarged portion
depicted in the two panels below it. The bottom panel of Fig. 1
shows a stick spectrum of the strongest transitions in the
simulation and a convolution of these with a Lorentzian
function with a width (FWHM) of 0.3 cm™; the resulting
spectrum matches the rotational contour spectra from
Ballesteros and Santos® quite well.

From the ordering of the two torsional components it can
immediately be concluded that the barrier to internal rotation
must be lower in the S; state than it is in the S, state. To obtain
exact values for the barriers to internal rotation a combined fit
of this spectrum with the torsional bands measured in previous
work!!?* was performed as described in section 2.2.2. The
molecular parameters deduced from this analysis, together
with the values obtained from ab initio calculations, are given
in Table 1. Calculated torsional transitions are compared with
measured ones in Table 2. From the second table it can be seen
that, again, the deduced parameters are in excellent agreement
with experiment.

A two-temperature model* was used to describe the
rotational temperature in the molecular beam, which yielded
T, = 2.1 K and 7>, = 3.6 K with a relative 7> weight of
0.14. From a 26.8 MHz Lorentzian contribution to the
total linewidth the excited state lifetime is found to be around
6.0 ns, which is substantially longer than the 3.5 ns lifetime
in p-toluidine® and much closer to the 7.2 ns measured in
aniline.?

3.1 Transition dipole moment

The value of ¢ in Table 1 indicates that the transition dipole
moment (TDM) lies in the plane of the benzene ring. While the
sign of the angle 6 normally cannot be determined from the
experiment since the relative intensities in the spectrum only
depend on the square of the transition dipole moment
components, its sign can be determined in molecules that
possess an internal rotor. This happens because the intensities
of some of the E-type transitions depend on the relative signs
of 0 and 7.*** Since the sign of # is known from geometrical
considerations this fixes the absolute sign of 0. In the case at
hand the result is that the TDM orientation has to be in the
direction of the methyl group, which corresponds to the plus
sign in Fig. 2.

From a comparison of the measured rotational constants
with those resulting from RICC2 calculations it can be seen
that the correspondence is satisfactory, and as will be
discussed in section 3.3 the calculations indicate that the
amino group is nonplanar in the S, state and becomes more
planar in the S; state. This effect is also observed in aniline,
where the transition dipole moment is perpendicular to the
amino group CN bond.>*® Because the methyl group has a
relatively small influence on the benzene m-electron system
compared to the amino group (inductive vs. mesomeric effect)
it therefore seems reasonable to conclude that the electronic
excitation must be similar to that in aniline and the transition
dipole moment is directed towards the methyl group, which
only induces a moderate change in the TDM direction with
respect to that in aniline.

As can be seen from Table 1, the RICC2 calculations also
predict the torsional barriers very accurately. Since the
torsional barrier in o-toluidine is very sensitive to the local
electronic environment at the ring carbon atom the
methyl group is attached to, this is another indication that
the ab initio results are reliable. However, Table 1 shows
that it doesn’t predict the S; « S, excitation energy very
accurately. Moreover, no information on the sign of the 0
angle can be extracted from it. A single point DFT/MRCI
calculation at the RICC2 optimized S; state geometry was
therefore performed, the results of which were added to
Table 1. Both the size and the direction of the resulting
TDM as well as the excitation energy agree very well with
experiment.

3.2 The methyl rotor

The last piece of information that results from the spectral
analysis concerns the methyl rotor geometry contained in the
parameters F, y and {. To avoid confusion both the values for
F and F,,, defined in eqn (3) are given in Table 1. Immediately
apparent is the fact that the parameter { has a value which is
very different from 90° in the S, state. This is certainly not
expected and the possibility that the rotor actually makes an
18.4° angle with respect to the ab-plane is ruled out by the
inertial defect, which points to an almost planar structure.
This interpretation is therefore disregarded, and since a
reasonable correspondence between model and experiment
could only be obtained with the parameter values given in
Table 1 it seems that an alternate model is needed.
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Fig. 1 The electronic origin of o-toluidine at 34 316.848 cm ™. The upper two traces show the measured spectrum and the best simulation. In the
two traces below that an enlarged part of the spectrum is shown. The bottom trace shows a stick spectrum which contains the strongest transitions
from the simulation shown in the second trace and a convolution of these with a Lorentz function (FWHM 0.3 cm™").

Table 1 Molecular parameters of o-toluidine as determined from the fits to the S; « S, origin transition shown in Fig. 1. For a description of the
fitting procedure see section 2.2.2. Also listed are the results of ab initio calculations at the RICC2/TZVP and DFT/MRCI levels of theory

So S
A(Sy = So)
Exp. RICC2 Ref. 11 Exp. RICC2 Ref. 11 Ref. 21 Exp.

A/MHz 3229.60(17) 3268 — 3121.92(14) 3098 — — —107.68(18)
B/MHz 2188.49(16) 2219 2181.97(13) 2187 —6.52(22)
C/MHz 1316.82(9) 1334 — 1296.03(12) 1295 — — —20.79(13)
AlJamu A? —3.62(4) -3.59 — —3.60(5) —4.00 — — 0.02(5)
Vifem™! 699(11) 657 703 40.87(14) 120 40 35 —658(11)
Ve (cm™ ") 64(11) 62 ~16.8(8) ~11 28 —81(11)
Fiop/em™! 5.28(4) 5.51 5.18 5.086(1) 5.48 5.30 5.1 —0.19(4)
Flem™ 5.38(4) 5.62 5.28 5.184(1) 5.59 5.40 5.2 —0.19(4)
n/° 28.7¢ 28.7 — 28.14(12) 26.1 — — 7.1(23)

/° 89.5¢ 89.5 — 71.6(7) 88.1 — — —18.3(6)

Exp. RICC2 DFT/MRCI Ref. 11 Ref. 21

0/° +37.47(26) +31.5 +38.9 — —
d/° 89.3(8) 90.0 88.9 — —
v/em™! 34316.848(1) 36137 34706 34316 34316
vo(E)-vo(A4,)/MHz 98 584(5) — — ~90 000 ~ 105000
Aporentz/MHz 26.8(10) — — — —
T12/n8 5.95(22) — — — —

“ Fixed to RICC2 calculated value.

For the interpretation of p-toluidine spectra Tan et al.® were
forced to use a modified Hamiltonian which accounts for a
precessional motion of the methyl rotor axis. Although in the
case considered here a fit to the data is possible without

inclusion of a precession angle it cannot be ruled out that a
second, physically more acceptable solution is possible when it
is included. The appropriate form of this Hamiltonian, including
a V3 potential term, was therefore used in an attempt to obtain
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Table 2 Torsional transitions used in the determination of some of
the internal rotor parameters of o-toluidine given in Table 1. For a
description of the fitting procedure see section 2.2.2. All values are
relative to the 0a; « Oa; transition, where vo(S;) < va(S,) indicates
an absorption band and va(S;) — va(Sp) an emission band

Transition Exp. Fit Diff.

le « le 98584(5)" 98 584 0 MHz
le « 2¢ 27.8(3)° 27.4 —0.4 cm™!
0a; « 3a, 45.0(3) 45.5 +0.5 cm™!
0a, « 3a, 56.2(3) 57.5 +1.3 cm™!
le « 4de 86.8(3)" 87.8 +1.0 cm™!
le « 5e 132.1(3)" 134.0 +1.9 cm™!
0a; « 6a, 196.6(3)" 190.9 5.7 cm™!
le > 2e 182(6)° 189 +7 cm™!
0a; — 3a, 361(6)° 358 -3 cm™!
le > 4e 362(6)° 355 -7 cm™!
le - 5e 472(10)° 489 +17 cm™!
0a; — 6a; 578(10)° 578 0 cm™!
le > 7e 589(10)° 602 +13 cm™!
le - 8e 634(10)° 669 —15 cm™!

“ This work. ? Ballesteros and Santos.?* ¢ Okuyama et af.'!

Fig. 2 Definition of the transition dipole moment direction with
respect to the main interial axes.

a fit, but this resulted in a zero degree precession angle.
However, this does not rule out the possibility that preces-
sional motion is responsible for the observed effective value
of {. As was pointed out by Brodersen and Gordon?* this
Hamiltonian does not allow for any motion of the methyl
carbon atom with the torsional angle and it is therefore still
possible that the observed effect is due to motion of the whole
methyl group. They showed that this results in a marked
decrease of the effective rotational constant F with respect to
its equilibrium value, and that a precession angle of 1.5° is
typical of substituted toluenes. Looking at Table 1, indeed
it can again be seen that the measured values are much
smaller than the calculated ones and that the difference
between the two is much larger in the S; state than it
is in Sy. The fact that the ab initio results predict that the
angle { becomes 88.1° on electronic excitation, which would
mean that the methyl group comes out of the plane by 1.9°,
can be viewed as further evidence to support this theory.
For this situation the Hamiltonian used in the present analysis
(given in eqn (1)) is only approximate and, as a result, the
value of { found here should not be viewed as a geometric
parameter but rather as an effective parameter which includes
perturbation effects.

3.3 Molecular structure

As was already noted in section 3.1 the rotational constants
that result from RICC2 calculations compare favourably with
those obtained from the experiment, which adds credibility
to the structure derived from them. A list of geometric
parameters is given in Table 3; the corresponding atomic
numbering is depicted in Fig. 3.

For the Sy state it can be seen that, with the exception of the
CgHg, bond, all bond lengths are shorter than in either of the
two calculations performed so far. In the S, state the opposite
is found, and most bond lengths tend to be longer. In
combination with the observation that almost all bond lengths
increase on electronic excitation, this means that the effect the
excitation has on the o-toluidine geometry is much greater
than previously thought. This picture is confirmed by the bond
angles: whereas in the ground state they coincide very well
with the values from previous work, they differ substantially in
the electronically excited state.

When the detailed benzene ring geometry is investigated it
can be seen that in the S, state the ring carbon bond between
both atoms the substituents attach to, C;C,, is longest whereas
the one on the opposite side of the ring, C4Cs, is shortest.
Furthermore, the C;C,C5 angle is only 118.5° whereas the
C,C;3Cy angle is 122.0°. These all act to tilt the methyl group
away from the amino group. Since the amino group is electron
withdrawing in nature, an attempt to explain this using only
natural hybrid orbitals (NHOs), as was done for o-chlorotoluene
and o-fluorotoluene by Lu ef al.,'® would lead us to expect that
the C4C,C, angle is substantially larger than 120°. This is not
the case, with its actual value at 119.6° even slightly smaller
than 120°. Moreover, NHOs have a local effect on the ring
structure and cannot explain the fact that the C4Cs bond is
shorter than both its neighbours. These results are therefore
viewed as evidence that, unlike in o-chlorotoluene and
o-fluorotoluene, steric hindrance is an important factor for
the o-toluidine structure.

The approximate C, symmetry axis (from an inertial point
of view) which the benzene ring possesses in the ground state,
intersecting both the C,;C, and the C4,Cs bonds, is retained on
electronic excitation. Simultaneously, all ring CC bond lengths
increase, which corresponds to an expansion of the ring. With
respect to the average ring CC distance, the C,C; and C¢C,
bonds are elongated while the C,C; and CsCg bonds are
shortened. Combined with the fact that both the C,Cg and
the C;N; bonds lengths increase, this means that the S state is
strongly ortho-quinoidal in character. From the ring dihedral
angles it can be deduced that the ring geometry also becomes
distorted in the out-of-plane direction and adopts a chair
conformation similar to that of cyclohexane. Interestingly,
while the difference between both CC bond lengths geminal
to the methyl group (C,C, and C,C3) is 0.3 pm smaller in the
excited state than it is in the ground state, they are by no
means equal. This means that the barrier to internal rotation
of the methyl group is low in the S; state even though good,
local C,, symmetry at the C, carbon atom is absent. This
confirms the conclusion from earlier work that the barrier is
mostly electronic in nature and that steric effects are only of
secondary importance.'*!®
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Table 3 Rotational constants and Sy and S; state geometric parameters for o-toluidine. The calculated values from this work were obtained at the

RICC2/TZVP level of theory. The atomic numbering refers to Fig. 3

So Sy

Exp.” RICC2¢ MP2° HF¢ Exp.” RICC2" cIs’
A/MHz 3229.60 3268 3228 — 3121.92 3098 3196
B/MHz 2188.49 2219 2178 — 2181.97 2187 2240
C/MHz 1316.82 1334 1313 — 1296.03 1295 1328
Bond lengths/pm
CiC, — 139.8 141.1 140.1 — 142.9 142.7
C,C, — 138.3 140.0 138.8 — 144.1 137.0
C5Cy — 138.4 139.8 138.8 — 141.9 140.0
C4Cs — 138.0 139.8 138.5 — 141.6 139.8
CsCe — 138.1 139.6 138.5 — 142.2 136.3
CsCy — 138.7 140.3 139.2 — 143.5 143.6
CiN; — 139.9 141.0 140.1 — 137.2 131.1
C,Cq — 150.8 150.5 151.1 — 149.4 150.1
CH (ring)? — 107.5 108.9 107.6 — 108.4 107.3
N,Hj, — 99.5 101.7¢ 99.8¢ — 101.1 100.4¢
N,H7, — 99.5 101.7¢ 99.8¢ — 101.1 100.4¢
CsHg, — 108.8 109.6¢ 108.6¢ — 109.9 108.4¢
CgHg,, — 108.5 109.67 108.6¢ — 109.3 108.4¢
CsHg, — 108.2 109.6¢ 108.6¢ — 109.4 108.4¢
CiCy — 278.4 281.0 279.3 — 281.3 278.8
Bond angles/®
C,C,C5 — 118.5 118.6 118.5 — 116.7 117.4
C,C5Cy — 122.0 121.6 122.0 — 119.0 121.9
C3C4Cs 118.9 119.2 118.9 122.4 121.0
C4CsCq — 120.1 120.0 120.1 — 119.4 119.5
CsCeCy — 120.8 120.7 120.8 — 117.9 120.4
C6CiC, — 119.6 119.7 119.6 — 1232 119.9
N,C,C, 1203 119.7 120.2 119.5 121.3
N;C,Ce — 120.1 120.6 120.1 — 116.8 118.8
C,C,Cq — 120.6 120.0 120.6 — 123.2 121.1
C3C,Cq — 120.9 121.4 120.9 — 119.8 121.5
H,.N,C, — 115.1 114.2 — — 119.0 123.1
H7,N,C, — 114.1 1132 — — 117.5 121.2
H7,N7Hs, — 111.0 109.9 110.1 — 116.1 1157
C,CsHg, — 111.8 — 111.3¢ — 112.4 —
C,CsHg), — 111.3 — 111.3¢ — 113.1 —
C,CgHg, — 110.7 — 111.3¢ — 109.7 —
Hg,CgHsg, — 107.5 107.3¢ 107.5¢ — 107.9 108.0¢
Hg,CsHs, — 108.0 107.3¢ 107.5¢ — 106.7 108.0¢
Hg CsHg, — 107.3 107.3¢ 107.5¢ — 106.6 108.0¢
Dihedral angles|®
C1C,C5Cy — 0.5 — — — —-6.0 —
C,C5C4C5 — —0.1 — — — 1.9 —
C3C4CsC — 0.2 — — — —44 —
C4CsCeCy — 0.2 — — — 10.4 —
CsC6CiCy — —-0.7 — — — -13.6 —
C6CiC>Cs — 0.9 — — — 11.8 —
CsCCiN; — —~177.3 ~176.8 — — ~177.5 0.0
C¢CiN7H7, — —148.5 — — — —165.5 —
C¢CiN7Hg, — —18.5 — — — —16.8 —
C4C3C,C — 179.2 — — — 172.3 —
C3C,CsHg, — 116.0 — — — 79.0 —
C3C,CgHgy — —123.7 — — — —158.5 —
C3C,CgHg, — 3.6 — — — -39.4 —

“ This work. ® MP2/6-31 + G* (So) and CIS/6-31 +G* (S,), Ballesteros and Santos.”> ¢ HF/6-31+ G*, Tzeng et al.?> ¢ Average value.

From the geometries of the methyl and amino groups it is
deduced that steric hindrance not only affects the benzene ring,
but also both substituents themselves. In the ground state it
can be seen from the methyl group dihedral angles that it is
rotated by about 3.8° with respect to its equilibrium position in
toluene, which has the CgHg, bond in the plane of the benzene
ring. For the amino group the combination of steric repulsion
and the addition of another electron donating group to the
ring causes it to be much more planar than in aniline (where it

is out of plane by a 37.5° angle?) and tilted away from the
methyl rotor, with one hydrogen atom 31.5° below the plane
and the other just 18.5°. In the electronically excited state the
amino group becomes more planar due to sharing its lone pair
electron with the benzene m-electron system, which points to
electronic excitation comparable to that in aniline. As a result,
the methyl group orientation is now completely different, with
the CgHg, bond in a much more vertical position, not unlike
the situation in toluene.*’ Especially for the methyl group the

4316 | Phys. Chem. Chem. Phys., 2009, 11, 4311-4318

This journal is © the Owner Societies 2009



5.7. O-TOLUIDINE

155

8b 7a
H H
gc H——C == 8a 7 N~ 7b
8
2 1
3 6
4 5

Fig. 3 Atomic numbering of o-toluidine used in Table 3.

distortions in the S; state are severe, with the three C,CgH
bond angles differing by as much as 3.4°. Most significantly
though, from the C4C3C,Cg dihedral angle the methyl carbon
atom is found to move out of the plane of the benzene ring by
as much as 7.7°. This supports the explanation that the
effective value of 71.6° found for { in section 3.2 is due to a
precessional motion of the whole methyl group.

4. Conclusions

The S; « Sy transition in o-toluidine has been measured using
rotationally resolved electronic spectroscopy. The resulting
spectrum consists of two overlapping spectral components
which can be assigned to the 0a; « 0Oa; and le « le
transitions between torsional sub-bands that arise from inter-
nal rotation of the methyl group. The torsional parameters
that can be derived were combined with frequencies of
torsional transitions from previous work!'?® to derive
accurate barriers to internal rotation in both electronic states.
It was found that the V5 barrier is lowered from 699 cm™" in
the S, state to 40.87 cm™' in the S, state. This dramatic
lowering of the barrier to internal rotation is similar to that
observed in other ortho-substituted toluenes’ and can be
explained in terms of the difference in n-bond order between
both ring carbon bonds geminal to the methyl rotor.'®

The rotational constants that were determined for both
electronic states are close to those resulting from RICC2
calcultions, and an extensive analysis of the predicted
molecular geometry was therefore made. As is usual for
substituted benzenes, the benzene ring was found to expand
on electronic excitation, and the amino group becomes
more planar. The excited state geometry has a strongly
ortho-quinoidal character which shortens both the methyl
CC bond and the amino CN bond. Para-quinoidal distortion
is frequently encountered in p-substituted benzenes on electro-
nic excitation®®° and given the fact that o- and p-substituted
benzenes are electronically similar this is therefore not
unexpected. As a result, the steric interactions between both
substituents, which are already visible in the S, state, are
increased dramatically in the S state: the methyl group makes
a 7.7° angle with the local benzene ring orientation and rotates
away from the S, state geometry. Combined with the fact that
an unrealistically large angle between the normal of the
benzene plane and the methyl rotor axis resulted from spectral
analysis and that the effective rotational constant F was found

to decrease dramatically on electronic excitation, this
constitutes a compelling evidence for an S; state precessional
motion of the whole methyl group.>*
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Probing the Acidity of p-Substituted Phenols in
the Excited State: Electronic Spectroscopy of
the p-Cyanophenol-Water Cluster
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Michael Schmitt*!

The hydrogen bond structure of the p-cyanophenol-water cluster
has been determined in the ground and first excited electronic
state by rotationally resolved UV spectroscopy. The water mole-
cule is trans-linearly bound to the hydroxy group of the p-cyano-
phenol moiety, with hydrogen bond distances considerably short-
er in both electronic states than in the similar phenol-water clus-
ter. The structure of the cluster has been elucidated by ab initio

1. Introduction

Hydrogen-bonded clusters of phenol and substituted phenols
have found considerable interest as model systems for solva-
tion processes, electronic ground and excited state acidities,
and dynamical processes connecting the primary excited state
with the electronic ground state. While the phenol-water
system has been studied in great detail experimentally and
theoretically for both the electronic ground and excited state,
little is known about the different substituted phenol-water
clusters. Substitution in the para position with respect to the
hydroxy group allows the study of electronic effects on hydro-
gen bonding with minimized sterical perturbations. A very in-
teresting system is the p-cyanophenol-water cluster, because
the cyano group exerts a strong mesomeric effect, which dras-
tically alters properties, like acidities, lifetimes, and excited
state structures of both the monomer and the water cluster.
Both functional groups in p-cyanophenol (p-CP), the hydroxy
group as well as the cyano group, may bind a water molecule
in the binary p-CP-water cluster. The geometry of the p-CP
monomer can be derived from the structures of phenol and
benzonitrile. Its water cluster might therefore be trans-linearly
hydrogen bound via the hydroxy group as in the case of
phenol-water," or doubly hydrogen bound via the cyano
group and the ortho hydrogen atom of the aromatic ring.**

The complete substitution structure of the phenol in the
electronic ground state was determined by Larsen and co-
workers®” with microwave spectroscopy. The electronically ex-
cited state was examined by Martinez etal’® and Berden
et al." with laser-induced fluorescence spectroscopy (LIF) and
by Helm etal.”? with resonant two photon ionization (R2PI)
spectroscopy. From rotationally resolved spectroscopic studies
of isotopmers Ratzer et al."” have proposed a partial substitu-
tion structure for the electronic excited state of phenol.
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calculations at various levels of theory and compared to the ex-
perimental findings. The barriers to internal rotation of the water
moiety were determined experimentally to be 275 and 183 cm™’
for the ground and excited state, respectively. Hydrogen bond dis-
tances and the energy barrier to water torsion correlate with the
pK, values of different substituted phenols for both electronic
states.

The ground state of benzonitrile has also been studied by
microwave spectroscopy.""'? The electronic excited state was
investigated using high-resolution laser spectroscopy by Helm
etal" From the long fluorescence lifetime of benzonitrile
they excluded that the charge transfer (CT) state, in which the
CN group is nonlinear, is located below the locally excited S,
state. Borst et al." determined the dipole moment of benzoni-
trile in both electronic states by Stark effect studies of the elec-
tronic spectra and found the additivity rule of incremental
dipole moments to be valid for the planar S, state.

Roth et al. determined the vibrational frequencies of p-CP in
the electronic ground state through laser induced dispersed
fluorescence spectra and compared them to ab initio normal
mode vibrational frequencies."” A rotationally resolved spec-
trum of the S;< S, vibronic origin transition of p-CP was re-
ported by Kiipper et al."” From the changes of the rotational
constants upon electronic excitation they postulated a quinoi-
dal distortion of the aromatic ring.

The pK, value of p-CP was determined to be 7.74 in the S,
state and 3.33 in the S, state,"” thus p-CP is a stronger acid
than phenol in both electronic states. Furthermore, the in-
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crease in acidity upon electronic excitation of p-CP is larger
than that of phenol.

The binary p-CP-(H,0), cluster was studied by using fluores-
cence excitation, resonance enhanced multiphoton ionization
(REMPI), hole-burning, and fluorescence detected IR spectro-
scopy by Biswas et al."® They performed ab initio calculations
on different isomers of the clusters and found the stabilization
energy of the ring-like cyano bound structure to be about
18 kJmol™" smaller than that of the trans-linearly hydroxy
bound structure. It was proved by hole-burning spectroscopy,
that only one isomer is contributing to the electronic spectrum
up to 800 cm™' above the electronic origin. Leutwyler et al."
reported the structures of the p-CP-(H,0), cluster and postulat-
ed a cyclic structure with both water moieties bound to the
hydroxy group.

Herein, we investigate the influence of the altered acidity in
both electronic states on the molecular properties of the p-CP
binary water cluster.

Experimental Section

The experimental setup for the rotationally resolved LIF is descri-
bed in detail elsewhere.”” Briefly, it consists of a ring dye laser (Co-
herent 899-21) operated with Rhodamine 110, pumped with 6 W
from an Ar*-ion laser (514 nm). The light was coupled into an ex-
ternal folded ring cavity (Spectra Physics) for second harmonic
generation (SHG). p-CP was purchased from Fluka (>97%). The
molecular beam was formed by coexpanding p-CP (at 190°C and
5mbar H,0 seeded in 600 mbar of argon) through a 100 um
nozzle into the vacuum. The molecular beam machine consists of
three differentially pumped vacuum chambers that are linearly
connected by skimmers (1 mm and 3 mm) in order to reduce the
Doppler width. The molecular beam is crossed at right angles in
the third chamber with the laser beam 360 mm downstream of the
nozzle. The resulting fluorescence is collected perpendicular to the
plane defined by the laser and the molecular beam by an imaging
optics setup consisting of a concave mirror and two plano-convex
lenses. The resulting Doppler width in this setup is 25 MHz
(FWHM). The integrated molecular fluorescence is detected by a
photomultiplier tube, whose output is discriminated and digitized
by a photon counter and transmitted to a PC for data recording
and processing.

The ab initio calculations have been performed using Gaussian
98.2" The SCF (self-consistent-field) convergence criterion used for
our calculations was an energy change below 107 Hartree, while
the convergence criterion for the gradient optimization of the mo-
lecular geometry was OE/0r<1.5x 107> Hartree/Bohr and OE/0¢ <
1.5% 10 Hartree/degrees. A normal mode analysis was performed
utilizing the analytical second derivatives of the potential energy
surface. The basis set superposition error (BSSE), of the binding
energy of the cluster, was corrected for using the counterpoise
method from Boys and Bernardi.?? The electronically excited state
has been optimized with complete active space, (CAS), SCF using
an active space of 12 electrons in 11 orbitals. Additionally, the ge-
ometry of the electronically excited state has been optimized
using time-dependent density functional theory (TDDFT)#*?¥ em-
ploying the B3-LYP functional.”>* These calculations were per-
formed with the program system TURBOMOLE.?"%¥
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2. Results and Discussion

Figure 1 presents the rotationally resolved electronic spectrum
of the origin of the binary p-CP-water cluster at
35304.46 cm ™. This origin band is red shifted by 243 cm™" rel-
ative to the origin of the p-CP monomer. The spectrum of the
electronic origin is split into two subbands due to the internal

2 40000
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Figure 1. Rotationally resolved electronic spectrum of the origin of the p-cy-
anophenol-water cluster. From top to bottom: experimental spectrum, si-
mulated spectrum using the parameters from Table 1, separate simulations
of the torsional subbands.

rotation of the water moiety. The molecular symmetry group,
which takes this motion into account, is G, isomorphic with
the point group G,,. The lowest torsional state (with 0=0) is of
A symmetry, the following energetical state (with 0=1) is of B
symmetry. Both subbands can be fitted using rigid asymmetric
rotor selection rules with two sets of rotational constants and
with the difference of the vibronic origins as an additional pa-
rameter. The theory of coupling of the two-fold internal rota-
tion of the water moiety to the overall rotation of the cluster
has been elaborated in detail in refs. [1] and [29] and will not
be repeated here. The upper trace of Figure 1 shows the ex-
perimental spectrum, the following trace the complete simula-
tion using the parameters from Table 1. The next two traces
give the individual simulations for the two torsional subbands
caused by the internal rotation of the water moiety. A zoomed
in portion of the spectrum is shown in Figure 2.

The spectrum was automatically assigned using the genetic
algorithm (GA) based fitting procedure described in refs. [30]
and [31]. Since the GA performs a fit of the shape of the com-
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Table 1. Molecular parameters of p-cyanophenol-water from the GA fit.
The doubly primed parameters refer to the electronic ground state. AA,
AB, and AC are defined as A-A”, etc. with the singly primed rotational
constants describing the electronically excited state. The numbers in pa-
rentheses give the standard deviations of the parameters to the number
of quoted digits.
p-CP(H,0), o=0 o=1
A"[MHz] 3462.16(50) 3459.95(6)
B"[MHZ] 587.87(8) 588.00(4)
C'[MHz] 503.62(6) 503.75(2)
AA[MHz] —48.69(24) —50.39(5)
AB[MHz] —0.11(1) —0.13(1)
AC[MHZ] —1.08(1) —1.06(1)
0] 69.5(13) 74.48(45)
Av(Lorentz) [MHz] 15.7(10)
7[ns] 10.1(5)
volem™] 35304.46(2) 35304.70(2)
Vo(A)—,(B) [MHz] —8149.42(106)
A Experiment
Sl '«MW L W' nnny
B o
15000 2|0000 23000
Simulation
w
| \‘ {
Lty
M)" MH\ m W( "
M ‘ n\ J\ J L‘.Wm Wik Wu-uvh LUJ\J\” W‘M I"\f“v”J I
15000 25000

20000
relative Frequency/ MHz

Figure 2. Magnified 20 GHz portion in the R-branch of the origin of p-cyano-
phenol-water. Upper trace: experimental spectrum, lower trace: simulated
spectrum.

plete spectrum, more accurate results on the lineshape param-
eters are obtained than from a lineshape fitted to a few select-
ed individual lines. The following parameters were used in the
GA fit:

() the rotational constants A, B, and C of both torsional com-
ponents for the electronic ground and excited state

(ii) the center frequency v, of the first torsional band

(iii) the difference of the center frequencies of the torsional
subbands

(iv) the angle 6 of the transition dipole moment with the in-
ertial a-axis

(v) the Lorentzian contribution Av(Lorentz) to the Voigt pro-
file with a fixed Doppler width of 25 MHz. Even for Lorentz
contributions well below the Doppler width quite accurate
values are obtained because all the lines in the experimental
spectrum are included in the lineshape fit.

(vi) two temperatures and a weight factor given by Equa-
tion (1):

n(T,, Ty, w) — e 4+ we (1)
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where E is the energy of the lower state, k is the Boltzmann
constant, w is a weighting factor, and T, and T, are the temper-
atures.®? The resulting temperatures and weights obtained
from the individual spectra are not presented in Table 1 as
they are strongly correlated and are merely used to facilitate
the intensity fit for low and high J states simultaneously.

The resulting molecular parameters are given in Table 1. The
spectrum is an ab-hybrid band with 93% b-type and 7% a-
type character and is split into two subbands by the internal
rotation of the water moiety, with the low frequency compo-
nent having 1/3 of the intensity of the high-frequency compo-
nent. The splitting between the origins of the two subbands
amounts to 8149 MHz (0.27 cm™'). The total spectrum contains
about 7500 rovibronic lines with a Lorentzian linewidth of
15.7(10) MHz, leading to an excited state lifetime of 10.1(5) ns
(The numbers in parentheses give the standard deviations of
the parameters to the number of quoted digits.) This lifetime
is within the same accuracy as that of the p-CP monomer
(10.6 ns).

2.1. Determination of the Intermolecular Structure

The program pKrFit"” was used to determine the intermolecu-

lar structure of p-CP-water in the S, and S, states from the ro-
tational constants given in Table 1. Due to the very limited
number of inertial parameters, we performed a fit limited to
the partial r, structure, which neglects all vibrational contribu-
tions.

The change of the p-CP monomer geometry upon electronic
excitation has been taken from ref.[16]. The mean aromatic
C—C bond length in the ground state was determined to be
139.4 pm, increasing to 143.9 upon excitation. Keeping the ge-
ometries from ref. [16] fixed together with a fixed water geom-
etry (Roy=0.957 A, H-O-H=104.52° from ref. [33]) we fitted the
0,0, distance, the O,HgO;5 angle, and the HgO;sH;, angle (cf.
Figure 3 for the atomic numbering). The other three intermo-
lecular parameters are kept fixed to the values of a planar
trans-linear cluster: dihedral (C,0,Hz0,5)=180° and dihedra-
1(0,H0,5H,¢) = —dihedral(O,Hz0,5H,,) =60°. The last two pa-
rameters are restricted under the assumption that one of the
water lone pairs points towards the hydroxy group. They have
opposing signs due to symmetry restrictions. Using this model,
we obtained a hydrogen bond length of 282.8(1) pm in the S,
state and of 269.0(1) pm in the S, state. Both values are consid-
erably shorter than the corresponding distances in the phenol-
water (293 and 289 pm, respectively). The O,HsO;s angle was
determined to be 177.2(3)° in the S, state and 179.0(4)° in the

H==O,

Figure 3. Atomic numbering used in the geometry fit of p-CP-water.

ChemPhysChem 2006, 7, 448 — 454
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S, state, and the HgO,sH,; angle was determined to be
115(2)°(So) and 111(4)°(S,). The geometry parameters are sum-
marized in Table 2 and compared to the results of ab initio cal-
culations. The change of the hydrogen bond length upon elec-
tronic excitation is larger than in the structurally similar
phenol-water cluster. These changes reflect both the higher
ground state acidity of p-CP (pK,=7.74) compared to phenol
(pK,=9.86), and the larger increase of acidity in p-CP upon
electronic excitation [pK,(phenol,S;) =6 vs pK,(p-CPS,) =3.33].

Figure 4 shows why the path, which connects the identical
minima that arise from permutation of H1 and H2, cannot be
the simple torsion about the water symmetry axis. This motion
would break the hydrogen bond between the localized molec-
ular orbital (MO) (1) of the water moiety and the phenolic hy-
droxy group. The new hydrogen bond would then be formed
using the MO (2). The (1,2) permutation of the hydrogen atom
can also be achieved in a “smoother” pathway. Rotation about
the hydrogen bond would convert the cluster into the cis con-
former. To bring it back to the
most stable trans configuration,

Table 2. Intermolecular geometry parameters of the p-CP-water cluster. The distance (R) is given in pm, angles an inversion® or wagging
(A) and dihedral angles (D) in degrees. motion® would then change
Exp. Exp. MP2 HE as DFT TDDFT the MO involved in the hydro-
(So) (s (Sy) (So) sy (So) s) gen bonding. The effective bar-
R(0,0,5) 2828 269.0 280.49 287.19 284.90 276.79 27026 rier arises frf’m a concerted
A(O,Hs0,5) 177.2 178.9 178.734 177.883 178.870 179.628 176.265 (coupled) motion along both co-
A(HgO,5H,7) 115.0 M4 113.362 118.841 120.033 113.976 113.204 ordinates, constituting the mini-
(a) (a)
D(C,0,Hz0;5) 180 180 179.622 179.992 179.858 178.770 179.887 mum energy path.
D(O;HgO15H16) —60" —60! —59.474 —66.533 —68.106 —61.013 —59.044 With  th di ional
D(O,HgOy5Hy) 60 60 60.230 66.551 68.374 58.681 58.879 ! '€ one-dimensiona
- model we fit the effective barri-
(2] Kept fixed at this value. ers using the value for the tor-
2.2. Barriers to Internal Rotation of the Water Moiety
o] C=N
The barriers to rotation of the water moiety have been esti- H
mated using the program HTorFit. The underlying theory for 10 Horino
treating the twofold internal rotation in the frame of the prin- 10O
cipal axis method (PAM)®* is given in ref. [29]. H, e

Three pieces of information, which can be used for the de-
termination of the torsional barriers, can be extracted from the
rovibronic spectrum: (i) the subtorsional splitting arising from
transitions belonging to the different torsional components of
o with the selection rule Ao=0, (ii) the difference in the rota-
tional constants of the two different components of o in the
ground state, and (i) this difference in the electronically excit-
ed state. The subtorsional splitting between the transitions
(0=0)'+—(0=0)" and (o0=1)'<—(0=1)" was determined to be
8149.42(106) MHz. This splitting, together with the differences
in the rotational constants of the (c=0) and (o0=1) levels in
the electronic ground and excited state, which contain the
second-order perturbation coefficients, have been used to fit
the barrier to the water torsional motion. Unfortunately, for p-
CP-water no additional torsional data are available as for the
similar phenol-water cluster.””* Thus, we were not able to in-
dependently fit the barriers and the torsional constants for
both electronic states.

The barriers, which are obtained from this analysis, are effec-
tive barriers because the actual motion is more complex than
a simple one-dimensional torsion.”® The potential energy in
this one-dimensional model is given in Equation (2). It depends
only on the torsional coordinate, which is defined by rotation
about the symmetry axis of the water molecule:

1
V(t) = §V2(1 — cos2a).

@
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Figure 4. Schematic representation of the localized molecular orbitals of the
water moiety involved in the hydrogen bonding of the cluster The indices 1
and 2 are used for numbering the atoms to describe the permutation (1,2).
For numbering of lone pairs see text.

sional constant F of 14.813 cm™' for the electronic ground
state and of 13.415cm™' for the electronically excited state.
These torsional constants have been determined from the
analysis of several torsional bands in different isotopomers in
the phenol-water cluster.?® Values of V,”=275(4)cm™' and
V,’=183(1) cm™' for the ground and excited state of the p-CP-
water cluster, respectively, have been obtained. These barriers
are considerably larger than the corresponding values in
phenol (V,”=1754cm™", V,,=109.1 cm™"). The reason for the
strong increase of the barrier height in the electronic ground
state is the formation of an additional hydrogen bond be-
tween the ortho-CH group in p-CP and phenol and the O atom
of the water moiety. Feller calculated an OH--O distance of
185.8 pm.2¥ for the hydrogen bond in the trans-linear phenol-
water cluster calculated at the MP2/6-31G(d,p) level. The CH--O
distance of the ortho-CH group in phenol was calculated to be
270.2 pm. The OH-O distance in p-CP is decreased to
182.8 pm, and the CH--O distance to 263.6 pm. Both distances
are smaller in p-CP compared to phenol due to the higher
acidity of p-CP. The hydrogen bonds are oriented in the direc-
tion of the equivalent oxygen lone pairs of the water moiety
and hinder the torsional motion. This effect is larger in p-CP ex-
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plaining the higher barrier in the ground state. The increase of
acidity upon electronic excitation is larger in p-CP than in
phenol. Thus, also the increase in the barrier height is expect-
ed to be larger in p-CP as has been found experimentally.

2.3. Comparison to ab initio Calculations

The electronic ground state of the p-CP-water cluster has
been optimized on the MP2/6-31G(d,p) level of theory. The ro-
tational constants of the optimized structure are given in
Table 3 and are compared to the results of the experiment.

M. Schmitt et al.

for both electronic states and for the geometry changes can
be obtained using density functional theory (DFT) for the
ground state and TDDFT for the excited state. Table 3 shows,
that using the B3-LYP functional even the absolute values
match the experimentally determined rotational constants
closely.

Furthermore, the electronic ground and excited states have
been optimized with the complete active space SCF method
[CASSCF/6-31G(d,p)] with 12 electrons in 11 orbitals. The active
space employed in these calculations consists of three orbitals
of t symmetry, centered in the aromatic ring: one occupied 5

orbital is located at the cyano
group, one at the hydroxy

group, and one at the oxygen
Table 3. Experimental and ab initio inertial constants of the p-CP-water cluster. TDDFT and DFT calculations atom of the water moiety. The
were performed with the B3-LYP functional implemented in the TURBOMOLE program system. All calculations . . y
have been performed using the 6-31G(d,p) basis set. The rotational constants are given in MHz. unoccupied orbitals comprise of
three benzene-like m* orbitals,
Exp. MP2 HF CIs CIS-HF DFT/TDDFT CAS(12/11) one antibonding orbital at the
A’ 3461.06 3413 3481 - = 3422 34399 cyano group, and one at the
/' R _ @l @l .
B 587.93 586 591 601" 582" water moiety. Under these con-
c 503.70 501 506 - - 5121 499 diti |
A 3411.56 - _ 3410 R 3390 33321 |.t|ons, only p.OOI’ agreement
;4 587.81 - - 591 - 599" 576" with the experimentally deter-
c 502.63 - - 505 - 510" 492" mined rotational constants is
AA —49.50 - B - =71 —-32 —-107 found
AB —0.12 - - - 0 -2 -6 | ion of the ab initi
AC 107 . ] } 1 5 . nspection of the ab initio ge-
ometry parameters in Table 3
[a] Geometry optimized to the S, state. [b] Geometry optimized to the S, state. shows that the close agree-

The deviations are less than 2% for each of the rotational con-
stants. The MP2 stabilization energy of the cluster, including
zero-point energy and BSSE corrections, amounts to
27.43 kimol™' (2293.04 cm™"), considerably stronger than the
calculated binding energy of 22.93 kimol™' for phenol-water
using the same method and basis set. Without any symmetry
constraints in the calculations, the 0,0,5 hydrogen bond dis-
tance (cf. Figure 3 for atomic numbering) was found to be
280.49 pm on MP2 level. The water oxygen atom is positioned
in the aromatic plane [dihedral angle (C,0,Hg0,5)=179.622°].
The hydrogen bond is linear [angle (O;HgO,5) =178.734°] and
the water molecule is oriented symmetrically about the aro-
matic plane [dihedral angle (O;HgO,sH,¢)=—dihedral angle
(O;Hg045H;7)1, and in an anti position with respect to the aro-
matic ring [angle (HgO,5H,,) =113.362°].

The electronically excited state has been optimized using
configuration interaction with single excitations [CIS/6-31G-
(d,p)]. Due to a favorable cancellation of errors, even the abso-
lute values of the rotational constants nearly match the experi-
mental ones for the CIS calculations. The focus of these calcu-
lations is only on the difference of the rotational constants be-
tween the CIS and HF values to compute the geometry
changes upon electronic excitation. These differences match
very closely to the experimental changes of the rotational con-
stants, which is due to the fact of equal approximations in
both methods. These differences should merely be viewed as a
guidance in the preliminary determination of the parameter
limits for the GA fit of the spectrum. More reliable structures
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ments of the absolute values for

the rotational constants of Har-
tree-Fock (HF) and CIS for ground and excited state with the
experimentally determined ones are due to an accidental can-
cellation of errors. Both HF and CIS O,0;5; hydrogen bond
lengths are largely overestimated, while the aromatic C—C
bonds are underestimated. Also, the decrease of the O-O
bond length in the S, state is largely underestimated. The com-
parison of the TDDFT(B3-LYP) calculations with the results of
the experiment reveal a very close agreement not only for the
rotational constants given in Table 3 but also for the geometry
parameters summarized in Table 2.

3. Conclusions

The rotational constants obtained from the rotationally re-
solved LIF spectrum of the binary p-CP-water cluster allowed
us to determine the intermolecular geometry parameters.
Comparison with the results of ab initio calculations at various
levels of theory showed a close agreement for the electronic
ground state with the correlated MP2 results. The electronically
excited state geometry can be well described using TDDFT
with the B3-LYP functional and a moderate size basis set. In
contrast, with CASSCF the intermolecular geometry cannot be
described appropriately due to a lack of electron correlation
and the limited active space employed. Anyhow, an active
space of 12 electrons in 11 orbitals [CAS(12/11)] is close to the
limit that can be currently calculated. Jansen and Gerhards,*”
have shown a satisfying description of the excited phenol-
water geometry which requires the addition of six electrons in

ChemPhysChem 2006, 7, 448 — 454
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six o-type orbitals to account for the om and the go correla-
tions. In the case of p-CP-water this would mean a mixed ox
active space of CAS(18/17), obviously too large for a geometry
optimization. Thus, we conclude, that a proper description of
excited-state geometries should rely on the TDDFT calculations
to describe all the relevant interactions and not on the CASSCF
calculations with a too small active space.

Within the uncertainty, the excited state lifetime of the p-
CP-water cluster is the same as the monomer lifetime. This is
very different from the phenol/phenol-water case, where the
lifetime increases from 2 to 15 ns upon cluster formation. So-
bolewski and Domcke explained the short lifetime of phenol
by tunneling through a barrier which separates the '7zo” from
the 'zz" surface and a subsequent internal conversion to the
ground state through a conical intersection with the ground
state.’™ Two reasons might be possible for the longer lifetime
of p-CP: The conical intersection with the ground state might
be removed (like in the phenol-water cluster) or the barrier
separating the excited states is considerably higher than in
phenol. Further calculations are needed to distinguish between
the two models.

Furthermore, the barriers to internal rotation of the water
moiety about its symmetry axis in both electronic states were
estimated. Both barrier heights and hydrogen bond lengths
correlate well with the increased acidity of p-CP compared to
phenol in both electronic states. While in the similar p-methyl-
phenol-water cluster the hydrogen bond length is close to the
values in phenol-water (290 pm in the S, state and 285 pm in
the S, state of p-methylphenol-water vs. 293 and 289 pm, re-
spectively, for phenol-water), considerably smaller values of
283 and 269 pm are found in the ground and excited state of
p-CP-water.

Out of the three phenols compared in Table 4, p-methylphe-
nol is the weakest acid in the electronic ground state and has
the largest hydrogen bond distance. The 0,0,5; hydrogen bond
distances of the three p-substituted phenols scale nearly linear-
ly with the pK,-values in both electronic states as shown in
Table 4 and in Figure 5.

The internal rotation of the water moiety is hindered by two
intermolecular interactions: the OH:--O hydrogen bond and the
(weaker) CH--O hydrogen bond. The lone pairs of the oxygen
atom of the water moiety point along both hydrogen bonds.
Therefore, the barrier height is a function of the acidity of the
hydroxy group as well as of the ortho-CH group, and the corre-
lation between the pK, values and the barrier heights is not so
pronounced as in the case of the hydrogen bond length. Nev-
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Figure 5. Correlation of the pK, values of the monomers with the hydrogen
bond length 0,05 of the clusters in the electronic ground S, (left hand
side) and excited S,, (right hand side) states.

ertheless, it can be inferred from Table 4, that the barrier in-
creases with decreasing pK, values and with decreasing (calcu-
lated) CH--O distances.
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Kapitel 6

Zusammenfassung

Die im Rahmen dieser Arbeit durchgefithrten Messungen sind im weitesten
Sinne als Grundlagenforschung zu bezeichnen. Insbesondere sollen anhand
der vorgestellten Molekiile Modellfille spezifischer Wechselwirkungsmecha-
nismen oder funktioneller Gruppen biologisch relevanter makromolekularer
Systeme, wie etwa von Proteinen oder der DNS, untersucht werden. Allen vor-
gestellten Molekiilen ist daher gemein, dass sie spezifische Wechselwirkungen
oder funktionelle Gruppen aufweisen, die im diesen Systemen relevant fiir
ihre Struktur sind.

Das Mefsprinzip der HRLIF - Apparatur beruht darauf, dass die Proben-
molekiile bei Expansion mittels eines Triagergases - im vorliegenden Falle
Argon - durch eine Diise ins Vakuum stark abgekiihlt werden, sodass sie im
resultierenden Molekularstrahl eine sehr niedrige Rotations-und Schwingung-
stemperatur haben. Die Konformerenumwandlung spielt bei der Expansions-
abkiihlung hingegen nur eine untergeordnete Rolle, sodass eine Aussage iiber

die stabileren vorkommenden Konformeren moglich ist.

Letztlich ist es so moglich, die Rotationskonstanten sowohl fiir den Grundzu-
stand als auch fiir den angeregten Zustand der Molekiile zu bestimmen und
hieraus ihre Geometrie in beiden Zusténden zu berechnen. Zur automatisier-

ten Auswertung der Spektren dient dabei die Methode der genetischen Algo-
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rithmen, die in Zusammenarbeit mit der Gruppe von Professor Leo Meerts

aus Nijmegen entwickelt wurden.

Auf diese Weise ist die Messungen vibrostatischer rotationsaufgeloster elek-
tronischer Anregungsspektren von organischen Molekiilen und molekularen
Systemen bis zu einer Grofe von etwa 15 bis 30 Atomen moglich. Dariiber
hinaus werden aufgrund der steigenden Masse die Rotationskonstanten der
molekularen Kreisel so klein, dass die Spektren nicht mehr sinnvoll ausge-
wertet werden konnen. Fiir die Untersuchungen im Rahmen der vorliegende
Arbeit wurden drei Modellsysteme ausgewéhlt , deren Relevanten fiir die

vorliegende Dissertation im Folgenden kurz erlautert werden.

Zum einen ist dies das 1,4-Benzodioxan, das in drei Konformeren, ndmlich
Twist, Wanne und planarer Form, auftreten kann. Als biologisches Analogon,
bzw. Ausgangspunkt der Fragestellung liegt hier das hiufig bei beispielswei-
se enzymatischen Reaktionen zu beobachtende Schliissel-Schlof-Prinzip zu-
grunde, bei dem nur eines der moglichen Konformere eine biologische Funk-
tion aufweist. Im Rahmen dieser Arbeit konnte gezeigt werden, daf 1,4-
Benzodioxan sowohl im Grund- als auch im angeregten Zustand in der Twist
- Form vorliegt. Allerdings ist die Konfiguration im angeregten Zustand auf-
grund des anomeren Effektes weniger planar als im Grundzustand. Dies be-
weist die Zunahme des Betrages des Inertialsdefekts im angeregten Zustand.
Die Erklarung hierfiir liefert der anormere Effekt. Diese beschreibt einerseits
die Wechselwirkung zwischen dem nichtbindenden p-Typ des Sauerstoffor-
bitals am Ring und dem antibindenden Orbital der axialen CH-Bindung(
no — o _y,. ). Durch diese Wechselwirkung ist die H,, — C Bindung langer
als die der H.,— C Bindung (1,0936 A vs 1,0878 A). Andererseits findet hier-
bei auch eine Wechselwirkung statt zwischen dem ungebundenen Elektronen-
. Wie

im Phenol wird bei der Anregung die Elektronendichte vom ungebundenen

paar am Sauerstoffatom und 7-Orbital des Benzol-Rings (np — m¢,..,.)
Elektronenpaar am Sauerstoff zum aromatischen Ring geschoben, sodass der
Dioxan-Ring im angeregten Zustand weniger planar ist als im Grundzustand.
Bei 1,4-Benzodioxan dominiert die no — 7¢,,,, Uber die no — o5 g -

Wechselwirkung.
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Als weiteres Modellsystem fiir einen wichtigen, in biologisch relevanten Mo-
lekiilen héufig auftretenden Effekt wurde die Ausbildung von Wasserstoft-
briickenbindungen gew#hlt, und anhand der Bildung von Wasserclustern von
7-Azaindol untersucht, insbesondere der Cluster 7 — Azaindol — (H20); und
7— Azaindol—(H20),. Indolderivate haben weitverbreitete biologische Funk-
tionen, sei es als funktionelle Gruppe der natiirlich vorkommenden Amino-
sdure Tryptophan oder beispielsweise als Phytohormon Indol-3-essigséure.
Wasserstoftbriicken insbesondere zwischen Wassermolekiilen und Aminoséu-
ren treten in Proteinen nicht nur sporadisch auf. Viele Proteine weisen so-
genannte strukturelle Wassermolekiile auf, die innerhalb der Tertidrstruk-
tur des Molekiils fest lokalisiert sind. Sowohl im Grundzustand als auch im
angeregten Zustand befindet sich das Wasserstoffatom des 7-Azaindol am
Stickstoffatom des Pyrrololrings, obwohl es fiir den angeregten Zustand der
Struktur mit dem Wasserstoff am Pyridinoring stabiler ist. Durch die elek-
tronische Anregung nehmen die Saurestidrke der NH-Pyrrolic-Gruppe und
die Basenstérke des Pyridino-N-Atoms zu. Dieses bewirkt eine Verkiirzung
der ersten direkten Verbindung zu den Wassermolekiilen. Das Spektrum von
7-Azaindol-( H,0), Cluster zeigt eine Aufspaltung in zwei Teilspektren, die
29 469 MHz voneinander entfernt sind. Diese ergeben sich aus der gegen-
seitigen Umwandlung zwischen den zwei out-of-plane Wasserstoffatomen der

Hydrogen-Verbindungen.

Indoldevivate wie das bereits genannte Tryptophan weisen auch im mensch-
lichen und tierischen Korper zahlreiche biochemische Funktionen auf. Bei-
spielhaft hierfiir sei auch das Serotonin genannt, das eine wichtige Neuro-
transmitter darstellt. In diesem Kontext erscheint es interessant zu unter-
suchen, welche und wie viele stabile Konformere bei dieser und &hnlichen
Substanzen zu beobachten sind. Fiir das Serotonin ist bereits aus Messungen
von Zwier et al. [96] bekannt, das 8 stabile Konformere mit sowohl syn- als
auch anti-orientierte Hydroxygruppe existieren. Interessanterweise tritt bei

Substitution der Hydroxygruppe durch eine Methoxygruppe eine Redukti-
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on auf weniger als die Halfte ein, ndmlich auf 3 beobachtbare Konformere.
Diese Konformere weisen alle eine anti-stindige Methoxygruppe auf. Eine
Erkldarung hierfiir konnte in der zu kurzen Lebensdauer mancher Konformere
liegen, sodass sie nicht mit der hochauflésenden Spektroskopie erfasst werden
konnen. Durch den Vergleich der experimentellen mit der berechneten Rota-
tionskonstanten konnen fiir die drei gemessenen Spektren in Bezug auf die
Ethyamino-Gruppe wie folgt zugeordnet werden: Gph(up) zum gemessenen
Band B; Gpy(out) zum gemessenen Band A und Gpy(up) zum gemessenen
Band C. Die Tatsache einer Bevorzugung der gauche-Struktur gegeniiber der
anti-Struktur der Ethyamino-Gruppe liegt an der elektrostatischen Wechsel-
wirkung zwischen der Ethyamino-Gruppe und dem Indolring. Sowohl quan-
tenmechanische Rechnungen als auch der Vergleich der experimentell ermit-
telten Rotationskonstanten weisen die Anti-Rotamers der Methoxygruppe als
die stabilere Rotamer im Gegensatz zu der Syn-Form auf. Alle gemessenen
Spektren des 5-Methoxytryptamins gehoren dem L,- Zustand nach Platts
Nomenklatur (HOMO—LUMO) an.

Waéhrend der Messungen zu dieser Dissertation wurden dariiber hinaus noch
weitere Substanzen untersucht, die jedoch hier nur kurz erwdhnt werden, weil
sie den Rahmen der Arbeit sprengen wiirden. Die Mitarbeit bei der Durch-
fiihrung dieser Messungen war jedoch eine wichtige Hilfe bei der Erlangung
experimentelle Fertigkeiten im Umgang mit der komplexen Messapparatur.
Die sind bespielsweise folgende Molekiile Tryptamin, Benzoesdure-Dimer,

Phenol-Argon-Cluster, o-Toluidine und p-Cyanophenol-Wasser-Cluster.

Bei den hochauflésenden Messungen am Tryptamin wurden nach dem Ver-
gleich der experimentellen mit den berechneten Rotationskonstanten sechs
verschiedene Konformeren zugeordnet. Die Anlagerung eines Wassermole-
kiils am Tryptamin bewirkt ein Kollabieren des Konformerenraums. Nur
das Gpy(out) Konformer bildet mit Wasser einen Wasser-Cluster. Das Was-
sermolekiil fungiert hierbei als Protondonator fiir die Amino-Gruppe der

Ethylamin-Gruppe am Tryptamin. Die zusétzliche Wechselwirkung zwischen



169

dem Wassermolekiil mit der aromatischen C-H Verbindung verursacht ei-
ne selektive Stabilisierung des Konformers Gpy(out) gegeniiber alle anderen

Konformeren.

Die Strukturen der fiinf verschiedenen Isotopologen von Benzoesdure-Dimer
und dessen vibronischen Band, die 57cm ™! iiber dem Ursprung liegt und der
out-of-plane Schwingung zugeordnet werden, wurden mit Hilfe der HRLIF-
Apparatur untersucht. Aufgrund der lokalen Anregung reduziert sich die
Symmetrie vom Cy, fiir den Grundzustand zur Cy in den S; angeregten
Zustand. Das Tunneln der Protonen bewirkt eine Aufspaltung des Energie-
niveaus in den Grundzustand und in den angeregten Zustand. Diese betragt
fiir den Grundzustand ASy = 1385.2+0.7 MHz und AS; = 271.2+0.7 MHz

fiir den angeregten Zustand.

Die strukturellen Untersuchungen am Phenol-Ar;- und Phenol-Ar,; -Cluster
schlussfolgern eine van der Waals Wechselwirkung zwischen dem Argon Atom
und dem Phenol-Ring. Beim Phenol-Ary -Cluster befinden sich die Argon-
Atome auf unterschiedlichen Seiten des Phenylrings. Die IVR (intramolecu-
lar vibrational relaxation) ist stidrker im Phenol ausgepréigt und bewirkt eine

kiirzere Lebensdauer des Phenols als die des Phenol-Argon; » -Clusters.

Der Sy — S; Ubergang von o-Toluidine wurde mit Hilfe der rotationsaufge-
16sten elektronischen Spektroskopie analysiert. Die strukturelle Verdnderung
der m-Bindung des Benzolrings bewirkt eine Verlangerung der C-C Bindung
zwischen der Methylgruppe und dem Benzolring. Dadurch verringert sich die
Barriere der internen Rotation der Methylgruppe im angeregten Zustand im
Gegensatz zum Grundzustand. Als Beweis der ’freieren” Bewegung der Me-
thylgruppe im angeregten Zustand zeichnet sich eine Erhéhung des Dieder-
winkels der Methylgruppe mit dem Benzolring auf 7.7°, der im Grundzustand

in der Benzolebene liegt.



170 KAPITEL 6. ZUSAMMENFASSUNG

Die Struktur der Wasserstoftbindung des p-Cyanophenol-Wasser-Clusters wur-
de mit Hilfe der HRLIF untersucht. Sowohl fiir den Grundzustand als auch
fiir den angeregten Zustand wurde eine grofere Abnahme des O-O Abstandes
gefunden als im Phenol-Wasser-Cluster. Die Barriere der internen Rotation
des Wassers betrigt 275 cm ™! fiir den Grundzustand und 183 ecm™! fiir den
angeregten Zustand. In beiden elektronischen Zustédnden zeigt sich eine Kor-
relation zwischen dem pKs - Wert und dem O-O Abstand bzw. der Barriere

der internen Rotation.



Anhang A

Anhang

A.1 Die quantenmechanische Naherungen des

freien Molekiils

Die Gesamtenergie E lésst sich durch die Schrédinger-Gleichung beschreiben

als:
HU = EV (A.1)

mit dem Hamiltonoperator H:

N K

h2
P Y A A Vi + Vice + Ve (A2)
k=1

2m ’%

i=1

Die ersten zwei Summanden beschreiben die kinetische Energie aller Elek-
tronen bzw. aller Kerne. Die potenzielle Energie V setzt sich aus der Summe
der Kernabstoftungen Vg, der Elektron-Kern-Anziehungen Vg, und der
Elektron-Elektron-Abstofsungen V.. zusammen.

Aufgrund der sehr unterschiedlichen Masse der Elektronen und der Kerne,
folgt die Elektronenladung ,momentan’ der langsamen Kernbewegung. Zu je-

der Kernkonfiguration R gehort eine Elektronenverteilung W¢(.q,) des elek-



tronischen Zustands n, der nur von der Positionen der Kerne abhéngig ist.
Andern sich die Kernpositionen bei der Schwingung, folgt die Elektronen-
ladung dieser adiabatisch. Unter dieser Annahme heifst das Modell dement-
sprechend die adiabatische Ndherung.

Man addiert die Kernbewegungsenergie (2.Summand der Gleichung A.2) als

Storung zu dem ungestorten System des starren Kerngeriistes:
H=Hy+H' (A.3)

Hy stellt den Hamiltonian fiir die ungestorte Schrodinger Gleichung dar, die

die elektrische Energie bei einem starren Kerngeriist wiedergibt:
Ho!(3.G0) = (T + V)W(@.di) = Ea(@)0" (@d). (A1)

Y (q.q,) ist so zu verstehen, dass sie Elektronenwellenfunktionen nur von
den Elektronenkoordinaten ¢, als Variable abhéngen. Die ¢, gehen lediglich
als Parameter in die Elektronenfunktion ein.

Die Funktionen 1 wihlen wir so, dass sie ein orthonormales Koordinaten-
system bilden. Dadurch lasst sich die Gesamtwellenfunktion durch die lineare

Kombination von 1 ermitteln:
U= X (@) V50 (GeGn)- (A.5)

Xm stellen hierbei die Entwicklungskoeffizienten dar, die nur noch von den
Kernkoordinaten ¢, abhéngen.
Setzen wir W in die Gleichung A.1 ein, multiplizieren die mit ¢ und inte-

grieren iiber die Elektronenkoordinaten ergibt sich:

[/ ¢Zel(§eqn)(ﬁ - E) Z qu/}fri((feq_)n) dr = 0. <A6>



mit ﬁo + i (GL.7.3) und der Definition der Kronecker-delta d,,, fiir ortho-

gonale Systeme:

0 firm #n
/ ohmdr = G (A7)

1 firm=n

wird aus der Gleichung A.6:

/ (73 an GV G@.q)| =0 (AS8)

Der 2.Summand der Gleichung A.8 lésst sich wie folgt umschreiben|35]:

/ Ve (.0 (H D xml@n) - V(@) | dr (A9)

- / GG S X @) (@) | dr

(Eel - Xn q”

+ / ) T VGG (@) | dr

__/ U@ [Z My Z 8Rkwd ) 3R, X’”(q”)] .

Da die H nur von den Kernkoordinaten ¢, abhiingt, die Integration aber
iiber Elektronenkoordinaten ¢, geht, kann man unter Beriicksichtigung des
Kronecker-Delta (Gleichung A.7) den 1. Summand der Gleichung A.10 wie

folgt zusammenfassen:

[ / @) S H xa(@)) 2 (@.q >] dr = H' (). (A.10)



Bei der Einfiihrung eines neuen Parameters c¢,,,,:

{/w*el H e (G.q )] dr (A.11)
[/wd WY 37 o VT

erhalten wir fiir den 2. und den 3. Summand der Gleichung A.10:

9
IRy

[/W(Jein) D (H U5 (@@n)xm (@) | dr - (A12)

h2 *el €l
_E/w ZMk ZaRkw Geldn _Xm(qn) dr.
- chme((j))

Durch das Einsetzen der Gleichung A.10 und der Gleichung A.13 in die Glei-
chung A.8 ergibt sich die Gleichung A.13:

ﬁl}ﬁt(ﬁt) + Z ComXm (@n) = (B — Eer) Xn(qn)- (A.13)

Ohne den Summenterm stellt die Gleichung A.13 analog zu der Gleichung
7.4 die Schrodingergleichung der Kernwellenfunktion x,,(g,) dar. Man erhalt

somit zwei miteinander gekoppelte Gleichungen:
Hyp® = (T, + V) = By (A.14)

H XaGn) + D CamXom (@) = (Bt = E)xn(1)- (A.15)

cnm nennen sich dabei Kopplungsmatrixelemente, die angeben, wie sich die
verschiedenen elektronischen Zustinde ¢, )¢ durch die Kernbewegung mit-

einander koppeln.



A.1.1 Die Born-Oppenheimer Naherung

Bei der Born-Oppenheimer Néherung werden sdmtliche Kopplungsmatrix-
elemente ¢, gleich Null gesetzt. Dadurch entstehen zwei vollig entkoppelte

Gleichungen fiir die Elektronenwellenfunktionen und die Kernwellenfunktio-

nen:
Hoy™ = (T, + Vo = B (A.16)
(H' + Ea)Xn(@) = Exa(Gy). (A.17)

Als Losung der beiden Gleichungen A.16 und A.17 erhélt man die Elektro-
nenwellenfunktionen v.; bei einen festen Kernkoordinate und die Kernwel-

lenfunktionen y,, im n-ten elektronischen Zustand.

A.1.2 Die adiabatische Naherung

Stellt die Elektronenhiille nicht 'momentan’ sondern ’zeitverzogert’ eine Kern-
bewegung ein, d.h. die Kerne merken ein Potenzial von der Elektronenkonfi-
guration, die zur Kernfiguration ¢, (t — At) gehoren wiirde, spricht man von
der adiabatischen Naherung [35]. Hierbei bleibt das Molekiil auf derselben
Potentialfliche und die einzelnen elektronischen Wellenfunktionen werden
nicht durch die Kernbewegungen miteinander gemischt.

Mathematisch bedeutet das eine Betrachtung der Diagonalelemente c¢,,,, und
eine Vernachlassigung der Nicht-Diagonalelementen ¢, der Kopplungsma-
trix der Gleichung A.12:

Con = /w*elH’wel dr — h_2 /w*el Z Li@[)eldr

Der 2. Term der Gleichung A.18 kann wie folgt umgeschrieben werden:

*el Li el
[ o S v

0
IR (A.18)

h2
2

d hQ xel A€l d




Wie man aus der Gleichung A.19 erkennen kann, stellt [ w;elfl@/)ff einen Er-
wartungswert dar, der eine Konstante ist. Da die Ableitung nach einer Kon-
stante Null ergibt, verschwindet der 2. Summand der Gleichung A.18. Nun
betrachten wir den ersten Term der Gleichung A.18.

Der Hamilton-Operator der kinetischen Energie der Kernbewegungen defi-

niert sich iiber das Korrespondenzprinzip als:

A2
- Mk (A.20)

Das Einsetzen dieser Hamiltonian (Gleichung A.20) unter Eliminierung des

2. Summands ergibt sich fiir die Gleichung A.18:

~, xel
- UWZH @z);i} dr = Z oM / ( aqﬁ-zk) (A.21)

Bei der Verdnderung der Kernkoordinaten hangen die Diagonalelemente qua-

dratisch von der Anderung der Elektronenwellenfunktion ¢ ab. Aufgrund
der grofen Kernmasse M, ist der Wert fiir ¢,,, jedoch klein.

Die adiabatische Naherung enthélt einen Korrekturterm, der von der Kern-
masse abhéngig ist. Fiir unterschiedliche Isotopomeren verschiebt sich die
elektronische Energie zu verschiedenen Werten. Dieser Effekt fiir den elek-
tronischen Zustand ist jedoch klein gegeniiber dem Isotopeneffekt bei der

Schwingung und bei der Rotation.

A.1.3 Der Abbruch der adiabatischen Naherung

Bei den elektronisch angeregten Zustédnden kommt es haufig vor, dass die Po-
tenzialflache der Zustédnde |m) und |n) sich nahe kommen oder sogar kreuzen.
Hierbei mischen sich die verschiedenen elektronischen Zusténde |m) und |n)
. Die adiabatische Naherung bricht zusammen, was in der Stérungsrechnung

beschrieben als:

H = Hy + AW, (A.22)



Wobei A < 1 ist und das Ausmals der Storung darstellt. A ist mit dem Ver-
héltnis der Elektronen-(m) und der Kernmasse (M) wie folgt verbunden:

m 1
()\ = 4 ) .
Bis zur 2.0rdung berechnet sich die elektronische Energie:

Wknwnk
E:=FE,+W,, —_— A.23
; + Won + ) B — b (A.23)
k#n

mit Wy, = [l H e,
Der 1. Summand der Gleichung A.23 gibt die Energie nach der BO-Néherung
wieder.
Die adiabatische Korrektur mit W,,, = ¢,, im zweiten Term der Gleichung
A.23 rechnet zu der BO- Energie die zeitliche Verzogerung der Einstellung
der Elektronenwellenfunktion auf die Kernbewegung. Der letzter Term der
Gleichung A.23 charakterisiert zudem die Korrelation zwischen der Elektro-

nenwellenfunktionen ¢ und ¢
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