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Electronically excited states of tryptamine and its microhydrated complex
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The lowest electronically excited singlet states of tryptamine and the tryptamine (H,O); cluster have
been studied, using time dependent density functional theory for determination of the geometries
and multireference configuration interaction for the vertical and adiabatic excitation energies, the
permanent dipole moments, and the transition dipole moment orientations. All molecular properties
of the seven experimentally observed conformers of tryptamine could be reproduced with high
accuracy. A strong solvent reorientation has been found upon electronic excitation of the 1:1 water
cluster of tryptamine to the L, and L, states. The adiabatically lowest excited singlet state in case of
the tryptamine monomer is the L,, state, while for the 1:1 water complex, the L, is calculated below
the L, state. © 2006 American Institute of Physics. [DOI: 10.1063/1.2354494]

I. INTRODUCTION

The energetic ordering and nature of electronically ex-
cited states of 3-substituted indoles is of considerable interest
for an understanding of protein fluorescence of tryptophan
containing peptides at a molecular level. A multitude of the-
oretical and gas phase experimental studies have been per-
formed on the indole chromophore itself and on 3-alkyl
substituted indoles.' ' The fluorescence properties of tryp-
tophan residues are known to depend strongly on the local
surrounding and on solvation. Tryptamine, as important part
of the tryptophan residue, is a relatively large system, which
is currently close to the limit of high level theoretical de-
scriptions using multireference schemes, and it is also at the
edge of the experimental determination of the excited state
structure. Therefore, the investigation of properties of indi-
vidual conformers with the indole chromophore contributes
to the understanding of the complex photophysical properties
of tryptophan containing peptides. Most of these photophysi-
cal properties are explained in the light of two electronically
excited singlet states, which are labeled by 'L, and 'L,. The
energetic separation of these states depends critically on the
electronic nature of the chromophore, i.e., on position and
electronic properties of attached substituents, on the local
surrounding of the chromophore, and on solvation effects.
Since both states differ considerably in their permanent di-
pole moments, they experience very different stabilizations
upon solvation. An investigation of these solvation effects on
the splitting and ordering of electronic states has to be per-
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formed with molecules containing all or most of the relevant
functional groups, which might act as binding motifs for sol-
vent molecules. In that respect, tryptamine is a good candi-
date, since it constitutes a model, which still can be inter-
preted at a detailed molecular level, but in contrast to model
systems such as indole or methyl indole possesses the ethyl
amino functional group that is responsible for the rich con-
former landscape of this molecule and furthermore acts as a
binding group for the solvent water molecules.

In a recent publication we presented an analysis of the
conformational landscape of the neurotransmitter tryptamine
in the electronic ground state using rotationally resolved
electronic spectroscopy.19 While high quality structure calcu-
lations for the electronic ground state are straightforward and
bear in general no problems, electronically excited states are
much harder to describe with an accuracy comparable to the
experiment. Rotationally resolved electronic spectroscopy
yields rotational constants which are related to the moments
of inertia as primary structural information. To avoid or
minimize the risk of accidentally good agreement between
experimental and calculated rotational constants, a set of dif-
ferent isotopomers has to be studied. The second motivation
for the study of excited states of the tryptamine conformers
is the fact that different conformers of one molecule might
exhibit very different transition dipole moment orientations
upon S| S excitation. The flexible ethyl amino side chain
of tryptamine gives rise, in principle, to 27 conformers from
rotations about the two CC and CN single bonds. Of these 27
conformers the nine conformers with the C,H,—NH, side
chain pointing out of the indole plane were supposed to have
considerably lower energies than the remaining 18 ones.

Park et al. found six different conformers of tryptamine
in the low resolution laser-induced fluorescence (LIF) spec-
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tra and named them A to F.* With higher resolution Philips
and Levy4 could show that the C band comprises two close
Q branches, which were assigned to different conformers
(C1 and C2). Connell er al. performed an analysis of the
conformational landscape using
spectroscopy.5 The A and B conformers of tryptamine have
been observed using microwave spectroscopy.16 In this study
no further conformers could be found.

Recently, Nguyen et al."® and Schmitt er al." indepen-
dently presented the results of high resolution rotationally
resolved spectroscopy on the conformers of tryptamine,
which differ in the number of conformers which were ob-
served and in two assignments. In the study of Nguyen
et al.'® seven different conformers were identified, while
Schmitt e al."® found only six conformers. The “missing”
conformer in the latter study can be identified as the C2 band
of Philips and Levy.4 In the meantime we were able to spot
the C2 band by using a larger nozzle diameter for the mo-
lecular beam. This finding clearly points to some degree of
kinetic control of the relative amount of the conformers in
the molecular beam.” N guyen and Pratt determined in a re-
cent study the dipole moments of four tryptamine conform-
ers in the electronic ground and excited state using the Stark
effect on rotationally resolved electronic spectlra.21

Carney and Zwier investigated the seven conformers
from Ref. 13 in the region of the alkyl C—H stretching vibra-
tions using resonant ion dip infrared (RIDIR) spectroscopy
and UV-UV hole-burning spectroscopy. They distinguished
and assigned the seven conformers by their different IR spec-
tra. Recently, the energy thresholds between the different
conformers were measured by Dian et al. using stimulated
emission pumping-hole filling and stimulated emission
pumping-induced population transfer spectroscopy17 and
were compared to the results of a RIMP2/aug-cc-pVDZ
study of the respective stationary points on the potential en-
ergy surface.”

Complexation of tryptamine with one solvent molecule
such water, methanol, or ethanol leads to a selective stabili-
zation of only one conformer.”*** The rotational constants of
the water cluster were determined by Felker” and Connell ez
al.*® using rotational coherence spectroscopy, and by Schmitt
et al.” using rotationally resolved electronic spectroscopy. A
bridged structure, which connects the amino group and the
acidic CH group at the pyrrole ring, was found for this clus-
ter, selectively stabilizing the A [Gpy(out)] conformer.
Zwier”’ performed RIDIR spectroscopy and showed that the
bonding to the amino group is considerably stronger than
that to the pyrrolic CH group. Carney et al. investigated
higher tryptamine (water), clusters with n=2,3 using RIDIR
spectroscopy and could show that water molecules bridge the
amino (acceptor) and the indole NH (donor) group.®®

In the present study, the lowest excited singlet states of
tryptamine and its water cluster are investigated by quantum
chemical methods and are compared to the experimental re-
sults.

rotational coherence
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Il. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

A. Geometry optimization

Calculations were performed employing the valence
triple zeta basis set with polarization functions (d,p) from
the TURBOMOLE library.zg’30 The equilibrium geometry of the
electronic ground state was determined for a restricted closed
shell Kohn-Sham (KS) determinant using the B3-LYP den-
sity functional.®** Furthermore, we optimized the geom-
etries of the low-lying L, and L, electronic singlet states by
means of a time-dependent density functional theory (TD-
DFT) gradient.33 All DFT or TDDFT calculations were car-
ried out utilizing the TURBOMOLE package, version 5.6

Second-order perturbation theory (MP2) optimizations
were performed with the 6-311 G(d,p) basis set using the
GAUSSIAN 03 program package (Revision A.1).”> The self-
consistent field (SCF) convergence criterion used throughout
the calculations was an energy change below 1073 hartree,
and the convergence criterion for the gradient optimiza-
tion of the molecular geometry was JE/dr<<l1.5
X 107> hartree/bohr and JE/de<1.5X 107> hartree/deg, re-
spectively. The ZPE corrections were performed with the
vibrational frequencies computed using the analytical second
derivatives.

Single point MP2 calculations within the resolution-of-
the-identity (RI) approximation were accomplished with the
TURBOMOLE program package (Version 5.8)*°® yielding the
MP?2 stabilization energies at the MP2/6-311G(d,p) opti-
mized structures. As appropriate basis sets Dunning’s (aug-
mented) correlation consistent valence quadruple ¢ with po-
larization functions was used, enhancing the number of basis
functions to 1020 (1512).%° The complete basis set model
CBS-4 of Ochterski et al. (Ref. 40) has been used with the
new localization procedure and improved empirical param-
eters from Ref. 41 as implemented in the GAUSSIAN 03 pro-
gram package.

B. Electronic excitation energies

For the computation of singlet and triplet state energies
and wave functions, we used the combined density func-
tional theory/multireference configuration interaction (DFT/
MRCI) method by Grimme and Waletzke.* This method
was shown to yield excellent electronic spectra of organic
molecules at reasonable computational expense. The con-
figuration state functions (CSFs) in the MRCI expansion are
built up from KS orbitals, optimized for the dominant closed
shell determinant of the electronic ground state employing
the BH-LYP (Refs. 32 and 43) functional. All 62 valence
electrons were correlated in the MRCI runs, and the eigen-
values and eigenvectors of eight singlet states were deter-
mined. The initial set of reference CSFs was generated auto-
matically in a complete-active-space-type procedure
(including all single excitations from the five highest occu-
pied 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 con-
figuration selection. The MRCI space was spanned by about
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TABLE 1. Relative stabilities AE (cm™') of the seven most stable tryptamine conformers. All calculations
include ZPE corrections at the level of the optimization. The method in the first line of each column gives the
level for the energy calculation, and the method in the second line the level of optimization and ZPE correction.

RIMP2
DFT/MRCI

Energy TZVP 6-311G(d,p) cc-pVQZ aug-cc-pVQZ
optimization DFT/TZVP  MP2/6-311G(d,p) MP2/6-311G(d,p) MP2/6-311G(d,p) CBS-4M
Gpy(out) 0 0 0 0 0
Gpy(up) 244 21 148 177 144
Gph(out) 20 1 201 243 276
Gph(up) 157 128 286 337 378
Anti(py) 371 509 486 497 457
Anti(ph) 229 520 486 497 447
Anti(up) 341 444 503 538 475

100 000 energy-selected single and double excitations
(200 000 singlet CSFs) from approximately 50 reference
configurations.

lll. RESULTS AND DISCUSSION
A. Electronic ground state energies and structures

The electronic ground state energies of the seven experi-
mentally observed conformers of tryptamine are calculated
using DFT/MRCI and are compared in Table I to the results
of calculations using other methods. The structures of the
conformers under investigation in this study are shown in
Fig. 1. The nomenclature for the orientation of the ethyl
amino side chain in the different conformers which was in-
troduced by Carney et al. is used here."> Gpy (Gph) desig-
nates conformations in which the amino group is in gauche
conformation and points to the pyrrole (phenyl) side of the
chromophore. In all anti conformers, the amino group points
away from the chromophore. The orientation of the amino
group lone pair is described by the identifiers “up,” “out,
“in,” “py,” and “ph.” Although the two in conformers, with
the lone pair pointing to the indole ring, have similar ground
state energies as the other seven ones, they have never been
observed experimentally.

2

Gpy(out) Gpy(up)
Gph(out) Gph(up)
Anti(up) Anti(py) Anti(ph)

FIG. 1. Ground state structures of the seven experimentally observed
tryptamine conformers.

As a general trend for the ground state energies of the
DFT/MRCI as well as the MP2 calculations, it is found that
the ground state energies of the three anti conformers (py,
ph, and up) are considerably higher than those of the out and
up forms of Gpy and Gph. The most stable conformer with
all methods is the Gpy(out) form. This finding can be ex-
plained by an additional stabilization of the Gpy and Gph
forms through the dispersion interaction between the amino
group and the aromatic system, which cannot be formed in
the anti conformers. Clarkson et al. could show that
CCSD(T) calculations at the B3LYP optimized structure are
able to reproduce the trend of the MP2 ground state energies,
while successively larger basis sets used with the DFT
method did not improve the results.’ Therefore, they con-
cluded that basis set superposition errors (BSSEs) from the
interaction of the amino group orbitals with the indole ring
are not the major source of the discrepancies. We have cal-
culated the relative stabilization energies of the seven con-
formers at the respective MP2/6-311G(d,p) optimized ge-
ometries with RIMP2 and successively increasing basis sets
(Table T). All energies have been zero-point energy (ZPE)
corrected using the vibrational frequencies at the level of
optimization. Extrapolating the data from Table I to the basis
set limit shows that the anfi(up) conformer is the most un-
stable one, followed by the two other anti conformers. Using
the largest basis sets, both Gpy conformers are more stable
than the Gph conformers.

The rotational constants from the optimized DFT calcu-
lations are in good agreement with the experimental values
(cf. Tables S1 and S2 of the supplemental material*!), al-
though the quality of the best MP2 calculations is not fully
reached. Clearly, the discrepancy can be traced back to the
underevaluation of dispersion interactions, in the DFT
method. Proper consideration of electron correlation as in
MP2 tends to stabilize the gauche conformers via dispersive
interactions between the ethyl amino group and the aromatic
ring. This is immediately obvious from the root mean square
deviation (RMSD) of the experimental and calculated rota-
tional constants. The RMSD for the rotational constants of
all conformers of the MP2 calculations amounts to 7.5 MHz,
while for the B3LYP calculations it is considerably larger
(12.6 MHz). This effect is mainly due to the neglect of dis-
persion interaction in the DFT calculations, since the RMSD
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TABLE II. Calculated vertical and adiabatic singlet excitation energies AE (cm™) of seven tryptamine con-
formers and the tryptamine [Gpy(out)]-water cluster. Adiabatic excitation energies are ZPE corrected by the
amount given in parentheses. The adiabatic excitation energies of the water cluster contain BSSE corrections at
the DFT/MRCI level. Electric dipole transition oscillator strengths f(r) are displayed in the second row for each

conformer in parentheses.

S min L, min L, min

Geometry state L, L, L, L, L, L, Expt.

Gpy(out) 36 900 39170 34 841(1059) 39010 38990 35726(1174) 34916
(0.022) (0.136) (0.027) (0.142) (0.011) (0.120)

Gpy(up) 36 730 39120 34 636(1024) 38780 38880 35949(1091) 34896
(0.024) (0.131) (0.028) (0.147) (0.009) (0.124)

Gph(out) 36 850 39 402 34 885(1045) 39100 39010 35946(1074) 34879
(0.025) (0.151) (0.025) (0.152) (0.012) (0.127)

Gph(up) 36 780 38 860 34 608(1162) 38730 37 690 35886(1004) 34832
(0.022) (0.148) (0.026) (0.149) (0.009) (0.219)

Anti(up) 36 560 38810 34 568(1072) 38670 38410 35 603(887) 34 868
(0.018) (0.131) (0.025) (0.142) (0.009) (0.123)

Anti(py) 36 670 38920 34 628(1032) 38770 38 630 35759(891) 34 884
(0.019) (0.132) (0.028) (0.147) (0.011) (0.122)

Anti(ph) 36710 39 160 34 696(984) 38910 38 660 36 508(372) 34 880
(0.021) (0.135) (0.029) (0.148) (0.011) (0.125)

Gpy(out)-H,O 36 845 38 947 34 872(837) 37449 35817 33 931(906) 34 957
(0.019) (0.133) (0.021) (0.119) (0.011) (0.113)

of the anti conformers alone is nearly equal for MP2 and
B3LYP (7 and 9.5 MHz, respectively), while it differs con-
siderably for the Gph/Gpy conformers (7.8 and 14.9 MHz,
respectively).

B. Calculated vertical and adiabatic absorption
spectra

1. Vertical absorption spectra

Vertical and adiabatic excitation energies of the L, and
L, states of the seven lowest energy conformers are shown in
Table II along with the respective electric dipole oscillator
strengths. At the respective ground state equilibrium geom-
etries, the first (7 — ") L, states of all conformers exhibit
significant configuration mixing. The leading configuration
corresponds to an excitation from the second highest occu-
pied molecular orbital (HOMO-1) to the lowest unoccupied
molecular orbital (LUMO). In addition, the excitation from
the HOMO to the LUMO+ 1 has considerable weight, but its
coefficient in the configuration interaction (CI) expansion
has a different phase. Due to cancellation effects of the indi-
vidual contributions of the two configurations to the electric
transition dipole moment, the electric dipole transition to this
state, commonly denominated as L,, is weak. The optically

bright L, state (HOMO — LUMO) constitutes only the sec-
ond excited singlet state in the vertical absorption spectrum,
about 2000—-2500 cm™! above the L, state, depending on the
conformer.

For the adiabatic excitations the ZPE corrections have
been calculated, using the analytical second derivatives for
the ground state and numerical second derivatives for the L,
and L, states. For all conformers negative corrections for the
excitation energies [ZPE(L,/L,)—ZPE(S,)] have been found,
showing an overall decrease of the sum of the vibrational
frequencies upon electronic excitation. While for excitation
to the L, state the corrections are nearly constant
(=1000 cm™") for all conformers, the ZPE differences vary
strongly with the conformer for excitation to the L, state.
Especially, the anti conformers have smaller corrections than
the Gph and Gpy conformers. The smallest ZPE correction is
found for excitation to the L, state of anti(ph). Inspection of
the respective vibrational frequencies shows that this effect
can be traced back to lower vibrational frequencies in the L,
state of this conformer compared to all other ones. Thus, it is
not an effect of selected modes, compensating each other but
arising from an overall similarity of ground and excited state
vibrational frequencies for that conformer. Molden frequency
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FIG. 2. Schematic geometry relaxations of tryptamine (left diagram) and
tryptamine-water (right diagram) upon electronic excitation. The respective
fully optimized state is marked with an asterisk. The other states given in the
same column are calculated in the geometry of the optimized state.

files (.molf) and Gaussian (.log) files containing geometries
and vibrational modes of all tryptamine conformers investi-
gated in this study can be obtained from the authors’ home

page.

2. L, minimum structures

Starting the TDDFT S| minimum search of a conformer
from its Sy minimum nuclear arrangement leads the gradient
toward a local minimum on the S; potential energy hypersur-
face. Its electronic structure corresponds to the L, state.
Given that the L, state is the lowest excited singlet state at
the ground state equilibrium geometry (see Fig. 2), we had
expected to find the L, minimum instead. It turned out, how-
ever, that TDDFT employing the B3-LYP functional reverses
the order of the L, and L, states with respect to the DFT/
MRCI method. As will be shown in Sec. III D, experimental
evidence clearly shows that the ordering of states obtained
by the DFT/MRCI method is the correct one. At DFT/MRCI
level of treatment, the L, state is the second excited singlet
state at the L, minimum, approximately 2000 cm™' above the
L

a-

3. L, minimum structures

The optimization of the L, state of all conformers is
complicated by the fact that it constitutes only the second
excited singlet state at the TDDFT level. Using the DFT/
MRCI method at the TDDFT optimized geometry, this state
is located adiabatically 1000—1500 cm™' below the L, state
for all conformers and constitutes the S, state, while the L, is
the second state in the singlet manifold. This means that the
electronic structure of the S, state swaps about halfway along
the reaction coordinate connecting the S, and S,(L,) mini-
mum geometries. We therefore predict strong vibronic inter-
action between L, and L, states.

Figure 2 summarizes schematically the trends for the
vertical and adiabatic excitation energies of an arbitrary con-
former of tryptamine. The asterisk denotes the states which
have been optimized. Thus, from left to right the adiabatic
excitation to the L, state, the vertical excitation to L, and L,
states and the adiabatic excitation to the L, state are depicted.
Clearly, the lLb state constitutes the lowest excited state,
both in the vertical and in the adiabatic excitation spectrum.
Figure 3 compares the adiabatic excitation energies of the L,
and L, states of the seven experimentally observed
tryptamine conformers including the respective ZPE correc-

J. Chem. Phys. 125, 124309 (2006)
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FIG. 3. Adiabatic excitation energies of the L, (dotted lines) and L,, (straight
lines) states of the seven experimentally observed tryptamine conformers
and the tryptamine-water cluster. Dashed lines represent the experimental
excitation energies of the lowest energy transition.

tions. The numerical agreement between the L, excitation
energies and the experimentally determined origins is strik-
ing. Since the electronic origins of all seven conformers are
located within 84 cm™!, the accuracy of the method would be
overstrained if one expects the ordering of the excitation en-
ergies of all conformers to be reproduced. Nevertheless, even
some of the features are reproduced satisfactorily. Both Gph
and Gpy conformer classes have the excitation energies of
the out form at higher energy compared to the up form and
the excitation energies within the anti class increases in the
orders up, py, and ph.

C. Structural changes upon electronic excitation

The calculated principal distortions of the geometry of
tryptamine upon electronic excitation to the L, and the L,
states do not depend strongly on the conformer. Figure 4

FIG. 4. Schematic structural changes upon electronic excitation to the L,
and L, states of tryptamine. +(—) indicates a bond length increase (de-
crease) between 0.2 and 1.5 pm, and ++(——) a change of more than
1.5 pm. A missing indicator designates changes between —0.2 and +0.2 pm.
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shows the approximate changes of the bond lengths upon
electronic excitation. A plus (minus) sign indicates a bond
length increase (decrease) between 0.2 and 1.5 pm, and a
double plus (double minus) sign a change of more than
1.5 pm. A missing indicator designates changes between
—0.2 and +0.2 pm. The bond length alterations in the L, state
are dominated by a more or less symmetric expansion of the
benzene ring and alternate bond length changes in the pyr-
role ring. The situation changes completely upon excitation
to the L, state. Both rings show an unsymmetric overall ex-
pansion. The most prominent difference is found in the ge-
ometry changes of the ethyl amino side chain. While for the
L, state virtually no changes in the C—C and C-N bond
lengths are found, the L, state shows strong alternate bond
length changes and very large changes of the dihedral angles,
defining the orientation of the side chain.

The different structural changes upon L, and L, excita-
tion can be rationalized with the aid of the frontier orbitals,
calculated with DFT/MRCI and shown in the left half of Fig.
5. For the L, excitation which has predominantly HOMO
— LUMO character, the bond length variations in the chro-
mophore follow nicely the changes in the orbital overlap.
Also, the large variations of the bond lengths in the ethyl
amino chain can be rationalized from the orbitals in Fig. 5.

For the L, excitation mainly two contributions have to
be considered. One is the HOMO —LUMO+1 excitation,
the other HOMO-1— LUMO. For all CC bonds in the ben-
zene moiety of the chromophore, excitation occurs from non-
bonding or bonding to antibonding orbitals, explaining its
overall expansion. At least, for the HOMO—-1— LUMO the
changes in the ethyl amino chain are small, thus rationalizing
the small bond length changes in the side chain.

Geometry changes in tryptamine upon excitation to the
L, state are quite different from those of indole, while the
general trends for excitation to the L, state are similar for
indole and tryptamine. Table III compares the calculated ge-
ometry changes upon excitation to the L, and L, states of the
chromophore indole,”  the Gpy(out) conformer of
tryptamine, and the tryptamine-water cluster. Since all
tryptamine conformers show very similar geometry changes
in the chromophore moiety, we chose the most stable one for
the comparison to indole. The geometry parameters of all
other conformers are available as online supplementary ma-
terial or directly from the home page of the authors. The
ground state geometry parameters of the chromophore ob-
tained from the B3-LYP/TZVP optimized structure are close
to those of indole® which were obtained from optimizations
at the complete active space self-consistent field/atomic natu-
ral orbital basis sets (CASSCF/ANO-S) level of theory. A
common motif of the geometry changes is a moderate overall
expansion of the benzene ring and strongly alternating bond
length changes in the pyrrole moiety upon L, excitation. The
excitation to the L, state leads to considerably diverse struc-
tural changes. The only common trends are larger bond
length changes in the pyrrole moiety compared to L, excita-
tion. Changes of the angles in the chromophores and in the
side chain are generally small in indole and tryptamine. The
different behavior upon L, excitation again can be under-
stood comparing the frontier orbitals of tryptamine and in-

J. Chem. Phys. 125, 124309 (2006)

| m HOMO - 1
)2 N
% % HOMO

LUMO

—m LUMO + 1

FIG. 5. Kohn-Sham (BH-LYP) calculated frontier orbitals of tryptamine
(left) and indole (right) as used in DFT/MRCI calculations. Shown are the
orbitals of the Gph(out) conformer; all other conformers are very similar.

dole. Since the L, excitation has predominantly HOMO
— LUMO character, the strong change of the HOMO (Fig. 5)
influences the geometry changes upon excitation to this state
much more than to the mixed (HOMO—LUMO
+1/HOMO-1—LUMO) L, state.

D. Permanent dipole moments and transition dipoles

Recently, Nguyen and Pratt determined the permanent
dipole moments of four tryptamine conformers in the ground
and electronically excited state from a rotationally resolved
Stark measurement.”' These dipole moments can be used to
distinguish between the different conformers, since they de-
pend crucially on the position of the ethyl amino chain rela-
tive to the chromophore. The experimental dipole moments
of the conformers in their electronic ground states are given
in Tables S1 and S2 of the online supporting material. The
excited state dipole moments are collected in Tables IV and
V and are compared to the results of the DFT/MRCI calcu-
lations for the L, and L, states. The agreement for the excited
state dipole moment of the L, state is good for the four
conformers for which experimental values are available. Al-
though the L, dipole moments are always larger than the
respective dipole moments of the L, state, there are large
differences between the conformers.

The direction of the fransition dipole moment (TDM) is
an important indicator of the electronic nature of the excited
state. Its orientations with respect to the inertial axes of the
respective conformer are defined as

Mg =M sin ¢ cos 6,
My, = sin ¢ sin 6, (1)

Mo = COS ¢,

with ¢ and @ as spherical coordinate angles of the transition
moment vector in the molecule fixed frame (a,b,c). Tables
IV and V give the experimental and calculated transition
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TABLE III. Ground state geometries and geometry changes of tryptamine [Gpy(out)], tryptamine-water, and indole upon excitation to the L, and the L, states.
Distances r and their changes are given in picometers, angles a and dihedral angles d in degrees. For the numbering scheme refer to Figs. 4 and 6.

Tryptamine Tryptamine-water Indole (Ref. 45)

So AL, AL, So AL, AL, So AL, AL,
r(N;-C,) 138.3 1.2 -4.4 138.1 1.7 -4.6 137.9 1.4 -0.3
r(C,—C3) 136.9 2.4 6.1 137.1 2.0 6.1 136.9 1.5 10.3
r(C3-Cy) 144.3 -2.0 0.5 144.2 -1.8 0.7 144.5 -1.8 -34
r(C4—Cs) 138.5 3.5 4.5 138.6 34 45 138.8 5.8 —1.4
r(Cs—Cg) 140.6 2.5 -2.7 140.6 2.5 -2.6 141.7 2.4 1.3
r(Ce—C,) 138.6 2.0 5.1 138.6 2.0 4.8 138.9 4.5 7.6
r(C;—Cy) 139.5 1.7 1.4 139.5 1.8 1.7 140.5 0.7 -1.9
r(Cg—Cy) 142.0 4.0 =32 142.1 39 =35 140.8 55 24
r(N;-Cy) 137.8 -0.4 4.2 137.8 -0.7 4.7 137.3 -0.5 1.8
r(C4—Cy) 140.3 0.8 2.0 140.3 0.8 2.0 141.0 0.9 6.1
r(C3—-Cy) 150.0 -0.3 -24 150.0 -0.3 -2.1 e
r(Co—Cyy) 153.7 0.1 1.9 153.7 0.0 1.2
r(C;—-Ny») 146.5 0.0 -0.7 1474 0.0 0.0
r(N,—H,) B 192.9 0.1 -0.7
r(O3-H,) 2523 -8.0 -17.0 e
a(N,C,C5) 110.2 -1.1 -3.1 109.9 -1.2 -3.0 109.6 -0.9 -4.2
a(C,yC5Cy) 106.2 1.1 1.1 106.5 1.1 1.0 106.7 1 1.1
a(C4CsCe) 121.0 1.0 1.2 121.1 1.0 1.0 120.9 0.8 1.4
a(C5C¢Cy) 121.2 0.4 1.4 121.1 0.2 1.8 121.2 -0.3 1
a(CyC4Cy) 117.6 -13 -3.7 117.6 -1.2 -3.8 117.5 -0.7 -2.5
a(C,N,Cy) 109.1 0.9 2.5 109.4 1.2 2.3 109.3 1.3 2.9
a(CsC4Cy) 119.2 -14 -34 119.2 -14 =35 118.9 -1.1 24
a(C4CoCs) 134.0 -0.1 -1.8 134.1 0.1 -2.0 1339 0 =22
a(C,C5C ) 126.6 -0.9 -1.1 125.9 -1.4 -1.1
a(C3CCyy) 114.0 -0.3 -1.1 113.9 -0.2 -0.9
a(CyCy N ) 110.7 0.2 0.3 110.8 0.3 0.6
a(N,H,0,3) B 166.4 -0.8 -2.7
d(C,C5CCyy) 102.5 1.2 0.1 99.0 -2.0 2.8
d(C5CoCy N ) -63.9 -0.2 3.0 -59.6 -0.4 2.8
d(CoC N ,H ) 64.8 0.3 10.0 67.0 1.7 8.8

dipole moment orientations for all seven conformers. In
general, the L, states show transition dipole moments with
small angles 6 (close to zero) and large angles ¢ (close to
90°), while the L, states are characterized by values of ¢
and 6 close to 90°. Using the definitions of Eq. (1), one
can see that the L, states give rise to predominantly b-type
bands, while the L, states have the characteristics of a-type
bands.

The electronic origins of all conformers are predomi-
nantly a-type bands (cf. Tables IV and V) and can therefore
safely be classified as the origins of the L, state. Since both
L, and L, states have their respective transition dipole mo-
ment nearly parallel to the b and a inertial axes the indeter-
minacy of the sign of the TDM angle, which arises from the
dependence of the intensities from the squares of the TDM
components in Eq. (1), is insignificant here.

TABLE IV. Molecular parameters of the excited states of the Gph and Gpy conformers of tryptamine. The calculated transition dipole moment angles ¢ and
6 and the permanent dipole moments are calculated by DFT/MRCI in the TDDFT optimized geometry of the respective state. Rotational constants are given
in megahertz, dipole moments in debye, and angles of the transition dipole moment in degrees.

Gpy(out) Gpy(up) Gph(out) Gph(up)

Expt. L, L, Expt. L, L, Expt. L, L, Expt. L, L,
A 1724 1715 1710 1704 1718 1690 1587 1566 1537 1593 1579 1636
B 673 667 672 673 663 664 743 744 760 728 726 710
C 545 540 543 545 538 535 554 545 548 555 546 552
My 0.10 0.03 4.02 0.10 0.07 4.14 0.54 3.35 0.50 0.40 1.93
My 1.26 1.00 6.34 2.34 2.57 5.68 2.48 6.08 2.03 2.24 4.59
Mo 0.46 0.61 0.27 0.87 0.94 0.94 1.28 1.36 0.62 0.67 0.53
¢ 72 77 84 72 77 85 77 81 77 81 81 76
0 14 4 87 22 3 86 18 10 85 14 10 84
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TABLE V. Molecular parameters of the excited states of the anti conformers of tryptamine. The calculated transition dipole moment angles ¢ and 6 and the
permanent dipole moments are calculated by DFT/MRCI in the TDDFT optimized geometry of the respective state. Rotational constants are given in
megahertz, dipole moments in debye, and angles of the transition dipole moment in degrees.

Anti(py) Anti(up) Anti(ph)

Expt. L, L, Expt. L, L, Expt. L, L,
A 1754 1755 1737 1749 1767 1738 1761 1768 1729
B 612 610 617 609 603 616 610 606 620
C 473 471 477 471 469 478 473 470 477
M s 0.24 3.07 0.30 0.07 3.67 — 0.67 3.58
M, R 0.90 4.63 2.34 2.47 5.78 R 2.58 6.07
Mo s 0.59 0.75 0.87 1.07 0.94 e 1.28 1.29
b 75 83 83 77 82 83 75 82 82
6 6 15 81 11 12 81 19 13 83

E. The tryptamine-water cluster
1. Electronic ground state energies and structures

Complexation of tryptamine with water selectively sta-
bilizes one conformer, which could be shown experimentally
to be the Gpy(out) (A) conformer.!”***” This selectivity
could be traced back to the formation of a double hydrogen
bond, which connects the amino group (stronger H bond)
and the pyrrolic CH group (weaker H bond) via the water
molecule. In the following we will concentrate only on the
bridged water cluster of tryptamine A, which is the only one
that has been observed experimentally until now. Differently
bound water clusters (hydrogen bonded via the pyrrolic NH
group or trans-linearly bound to the amino group with water
as proton acceptor —NH,- --OH,, or donor bound to the lone
pair of the amino group —H,N---HOH) of other conformers
of tryptamine were shown either to have considerably higher
energies than the cyclic tryptamine A cluster or to have com-
pletely different rotational constants than the experimentally

TABLE VI. Molecular parameters for tryptamine [Gpy(out) -water. Ground
state properties are denoted by double primes, and excited state properties
by single primes. The calculated transition dipole moment angles ¢ and 6
and the permanent dipole moments of ground and excited states are calcu-
lated by DFT/MRCI in the TDDFT optimized geometry of the respective
state.

MP2 B3LYP
Ground state Expt. 6-311G(d,p) TZVP
A"(MHz) 1465.78 1483 1475
B"(MHz) 483.43 488 472
C"(MHz) 397.99 403 389
(D) o 0.50 0.72
(D) . 0.97 0.95
w!(D) . 1.00 1.04
Excited state TDDFT (L,) TDDFT (L,)
A'(MHz) 1458.96 e 1462 1433
B’(MHz) 478.72 e 470 489
C’'(MHz) 394.27 e 386 400
ni(D) e B 1.54 6.08
(D) 1.04 1.37
(D) e e 1.02 0.94
@(°) 65.53 e 74.9 85.3
a(°) 9.40 e 18.6 68.9

determined ones.'*?® Zwier?’ performed RIDIR spectroscopy

on the cluster and deduced from the vibrational pattern a
strong —H,N---HOH hydrogen bond. The electronic origin
of the cluster is blueshifted by only 42 cm™!, compared to
the origin of the A conformer. This small shift already points
to a bridged cluster, since bonding to the pyrrolic NH group
(water as proton acceptor, like in indole) would lead to a
redshift, comparable to that in indole, while bonding to the
amino group (water as proton acceptor) should result in a
larger blueshift than observed. From the experimental rota-
tional constants any 7r-bound structures can be excluded. The
ground state geometry has been optimized at the
MP2/6-311G(d,p) and the B3-LYP/TZVP level of theory.

The resulting rotational constants are compared in Table
VI to the experimentally determined ones. The agreement for
both the MP2 and the B3-LYP calculations again is reason-
ably good. The structure of the tryptamine-water cluster is
shown in Fig. 6. Electronic ground state energies and dipole
moments of tryptamine-water have been calculated at the
MP2 and the DFT/MRCI level of theory (Table VI).

The cluster stabilization energy at MP2/6-311G(d,p)
level including zero-point energy and BSSE correction using
the counterpoise method of Boys and Bernardi*® amounts to
20 kJ/mol. This is close to the stabilization energy found
for the hydrogen bonded aniline-water cluster at
MP2/6-31G(d,p) level including BSSE correction.*” The
corresponding stabilization energies for pyrrolic NH bound
indole-water and 1-methylindole-water complexes are 15
and 7 kJ/mol, respectively.48

FIG. 6. Ground state structure of the tryptamine-water cluster (solid atoms)
along with the principal change of the solvent orientation upon excitation to
the L, state (shaded atoms). Solvent changes are not drawn to scale.
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2. Vertical and adiabatic excitation spectra
of the tryptamine-water cluster

In the vertical excitation spectrum at the DFT/MRCI
level, the L, is calculated to lie approximately 2000 cm™!
below the L, state (Fig. 2). Contrary to the case of the mono-
mer, the optimization of the L, state poses no problem al-
though it is not the lowest excited state at the TDDFT level.
At this level of theory, the lowest excited singlet state is the
L, and the second excited singlet state is the L, state. As for
the monomer, the individual contributions of the two con-
figurations (HOMO-1—LUMO and HOMO —LUMO+1)
to the electric transition to the L, state nearly cancel, result-
ing in a small oscillator strength for this state. Contrary to
the monomer, the L, state remains the lowest electronically
excited state in the adiabatic excitation spectrum at the DFT/
MRCI level, while the lowest state in the vertical excitation
spectrum is the L, state. Nevertheless, comparing both the
adiabatic excitation energies and the TDM orientation of the
L, and L, states with the experimentally determined value
(Table VI) it is obvious that the experimental spectrum is due
to the L, state. The DFT/MRCI excitation energies at the
respective geometries including BSSE and zero-point energy
corrections for all states involved are given in Table II. The
BSSE of the tryptamine-water cluster in the L, and in the L,
states is calculated to be 156 and 293 cm™!, respectively,
using the counterpoise method of Boys and Bernardi. The
resulting blueshift of the adiabatic excitation energy of
31 cm™! is in surprisingly good agreement with the experi-

mentally determined value of 41 cm™".

F. Structural changes of the water cluster
upon electronic excitation

Table VI compares the experimentally determined rota-
tional constants, the permanent dipole moments of ground
and both electronically excited states, and the transition di-
pole moments with the calculated values. Clearly, both the
geometry changes and the transition dipole moment orienta-
tion point to the L, as experimentally observed excited state
of the tryptamine-water complex like for the monomer. The
calculated ground state structures and the geometry changes
upon excitation of the tryptamine-water cluster to the L, and
the L, states are compiled in Table V. The changes of the
chromophore geometry in the cluster are very close to those
of the monomer itself. The ground state hydrogen bond
length between the amino nitrogen and the hydrogen bonded
hydrogen atom of the water moiety r(N;,—H}) slightly de-
creases upon excitation to the L, state and remains the same
for L,. In contrast, the weak hydrogen bond between the
water oxygen atom and the pyrrolic C,H group decreases
strongly for both L, (=17 pm) and L, (-8 pm) states, accom-
panied by a strong change in the C;N,0,3 angle. Thus, the
geometry change can approximately be described as a rota-
tion of the water moiety, which leaves the N,,—H, distance
constant, but decreases the C,H—O,; distance. This effect
can be attributed to a considerable increase of the acidity of
the pyrrolic CH group upon electronic excitation. The large
geometry change of the dihedral angle, which describes the
water orientation with respect to the tryptamine moiety and

J. Chem. Phys. 125, 124309 (2006)

the decrease in hydrogen bond length should show up in a
long Franck-Condon progression of the wagging mode and
possibly in the stretching mode o in the dispersed fluores-
cence spectra obtained via excitation through the electronic
origin. Unfortunately, no such spectra are available yet in the
literature.

IV. CONCLUSIONS

We performed DFT/MRCI calculations for the ground
state and the lowest excited singlet states of the seven ex-
perimentally observed conformers of tryptamine and the hy-
drogen bonded water cluster and compared the results to the
experimental values. The adiabatic excitation energies of the
L, state show a nearly perfect agreement with the experimen-
tally determined ones, if one takes ZPE corrections for the
ground and excited state energies into account. The largest
absolute deviation to the experimental excitation energy
amounts only to about 300 cm™!, which is less than 1% of
the absolute value. Nevertheless, the sensitivity of the L,
origin frequency on the conformation of the ethyl amino
chain with respect to the chromophore is exaggerated in the
MRCT calculations. While the experimental excitation ener-
gies vary within an energy range of 84 cm™!, the calculated
adiabatic excitation energies differ as much as 273 cm™!
from the smallest to the largest one. The origin of the L, state
is predicted at 900—1800 cm™! higher energy, depending on
the conformer. The smallest energy difference L,—L, is
found for the Gpy(out) conformer with 885 cm™!, the largest
for anti(ph) with 1810 cm™!. In general, the variation of the
L, excitation energy with conformation is larger than the
variation of the L, excitation energy, which can be traced
back to the larger dipole moment of the former.

The lowest electronic state in the adiabatic excitation
spectrum of the monomer was found to be L, at the DFT/
MRCI level, reversing the ordering found by time-dependent
density functional theory. The assignment of the lowest ex-
cited state as being L,, is fully confirmed by the experimental
findings. The assignments of excited states through their ver-
tical or adiabatic excitation energies merely on the basis of
nowadays very popular time-dependent DFT methods have,
therefore, to be questioned in some cases. On the other hand,
excited state structures can be predicted reliably using TD-
DFT and might serve then for subsequent calculations of the
electronic properties of the excited states via density func-
tional theory/multireference configuration interaction. The
problem of correctly computing the energetic ordering of L,
and L, states is well known®® and can be traced back to the
fact that single reference methods such as TDDFT are not
able to describe appropriately multiconfigurational states
such as the L, state.

Complexation of tryptamine with one water molecule
draws the L, state below the L, state in the adiabatic excita-
tion spectrum. Nevertheless, the experimentally observed
lowest excited singlet state is the L, state, although, like for
the monomer, the oscillator strength of the L, is larger than
that of the L, state. Since the absolute values of the adiabatic
excitation energies of the conformers of the monomer and of
the cluster are nearly quantitatively correct, we dare to pre-
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dict the origin of the L, state of the tryptamine-water com-
plex to be redshifted by approximately 900 cm™~!, compared
to the hitherto exclusively observed L, origin. A large reori-
entation of the water solvent molecule has been found upon
excitation to the L, state from the ab initio calculations,
which might cause a low Franck-Condon activity for this
transition compared to the L, origin. Also, an efficient non-
radiative decay channel for the L, state, which for several
indole derivatives has been postulated to be N-H bond fis-
sion, might prevent the experimental observation of the L,
origin of the cluster.””

Finally, it has to be mentioned that the photophysics of
tryptamine is also influenced by the existence of other elec-
tronic states, which might be energetically close. A promi-
nent and much discussed example is the 7o state, which has
been postulated by Sobolewski et al’" and by Sobolewski
and Domcke’ for indole and similar chromophores and has
spectroscopically been characterized by Dian et al.  for sev-
eral indole derivatives, in which a strong coupling of the
hydride stretch vibrational levels to the o™ dissociative con-
tinuum is observed, which results in a quenching of the NH
stretch vibration in the electronically excited state. Theoreti-
cal and experimental studies on other electronically excited
states are currently on the way.
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