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The results of a combined experimental and theoretical investigation of the molecular structure of
p-cyclohexylaniline (pCHA) in the electronic ground and the first electronically excited state are reported.
The experimental investigations are performed for the crystalline phase by X-ray diffraction for the first time
and related to former gas phase results obtained by time-resolved rotational laser spectroscopy. The theoretical
results, from new ab initio calculations at the MP2/6+&(d) and CIS/6-31+G(d) level of theory for the
electronic ground and excited state, respectively, give an adequate description of the rotational constants as
obtained by the gas phase experiments. Thus, a detailed comparison of the ab initio structure for the ground
state with the X-ray structure is performed in order to ascertain differences in the molecular geometry between
the gas and crystalline phase. In particular, the size of the aromatic and cyclohexyl ring, their mutual orientation,
and the conformation of the NHyroup are affected. The latter can be ascribed to intermolecular hydrogen
bonding forming chainlike structures in the crystalline phase. Moreover, the results of the ab initio calculations
allow for a discussion of the structural changes of pCHA upon photoexcitation in the gas phase.

I. Introduction spectroscopy and evidence for an antiparallel stacked structure

. L . . with mutual NH-+--7 bonds has been reporté&iThese results
Recently, the structural investigation of aniline and substituted . S . i
are contrasted by X-ray investigations in the solid state of

anilines has attracted considerable attention due to their _ ©. =" " S . I
. . aniline1® aminobenzonitrile,and nitroanilinet
importance as model systems for intramolecular charge transfer ! ;
In this report, we present results of a combined study of theory

after photoexcitation. In particular, the ground state structures - . .
of N-methylatedp-cyanoanilines (aminobenzonitriles) have been and_ experiment to elucidate the ground state as well as the first
excited state molecular structureptyclohexylaniline (pCHA).

obtained from X-ray diffractioh and the relevance of the - .

. . . : . The phenylcyclohexane skeleton is a common mesogenic core
obtained geometries has been discussed as starting point for . S
. : . - . of compounds, which exhibit liquid crystal behavi8iThus, a
intramolecular charge transfer in the first electronically excited . )

. o o e . detailed knowledge of the structure might be helpful for
state after vertical photoexcitatiérzor aniliné=6 and a variety - . ;
o o1 : . understanding the molecular basis of this phenomenon. We
of aniline derivatived; ! the influence of the electronic

interaction between the amino group and the aroragtectron applied X-ray diffraction and laser rotational coherence spec-

system on the molecular structure has been investigated for botr{:rgft%%%qégciﬁ Iir;it?édggléﬁlegg)ti? h":;\r/lémgéiln "ggrr]fg ?ntwlggl to

the electronic ground gpand excited state (Hin the gas phase. ) X )
: . . _describe the gas phase structure and to investigate the molecular
For instance, the electronic spectroscopy and the conformations . . L
o . ) . coordinates. In a previous publication, we already presented the
of p-alkylanilines (withn-alkyl chains) have been studied by

laser-induced fluorescence (LIF) spectroscBpg-Alkoxy- high-resolution laser RCS results and discussed partially the

anilines with different alkyl chain lengths apehydroxyaniline changes in structure upon electronic excitation of pCH1/%

. S Here we focus on the ground state structure and present the
have been used to study by LIF the onset of internal vibrational first X-rav diffraction results of bCHA in the crvstalline phase
relaxation (IVR)%1°The molecular structure and the vibrations y P Y P

. A . - - and new results of ab initio calculations including electron
in the excited state op-fluoroaniline have been investigated - . o .

; Lo . correlation. In particular, we will discuss intermolecular hy-
by laser-induced resonant two-photon ionization (R2PI) in . . L

o . " ' ) ) drogen bonding observed in the crystal and its influence upon

combination with ab initio calculationd.In order to investigate
. . . ) - the molecular structure. These results demonstrate that a careful
intermolecular interactions under well-defined conditions, the

aniline dimer has been interrogated by gas phase IR/R2PI IaserInSpecuon of )_(-ray structures hE_‘S to precede their application
for the analysis of experiments in the gas phase.
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TABLE 1: Crystal Data, Data Collection, and Refinement
Parameters for pCHA

empirical formula GoHN
formula weight (g mot?) 175.27
temperature (K) 173(2)
wavelength (A) 0.71073
crystal system Monoclinic
space group P2,/c
unit cell dimensions a=14.552(1) Ab=5.591(1) A,

c=13.302(1) A

B =107.88(1)

volume (A3) 1030.0(2)
VA 4
calculated density (Mg/&) 1.130
absorption coefficient (mrmt)  0.065
F(000) 384
crystal size (mr#) and habit 0.42< 0.36 x 0.22, colorless block
0 range for data collection (deg) 1.47 to 26.37
index ranges —18<h=<18,-6=<k=6,

—-16=<1=<16
reflections collected 17204
independent reflections 209B(jnt) = 0.0837]
completeness t = 26.37 100%
absorption correction empiricél
refinement method full-matrix least-squaresrén Figure 1. Structure ofp-cyclohexylaniline from X-ray diffraction.
data/restraints/parameters 2098/0/127 Displacement ellipsoids are shown at the 50% probability level.
goodness-of-fit o2 1.020
{'?”.aldR'”d'c‘ﬁsdl > 20(1)] Sl = 8'%22*""& = 8'%822 periods of molecules are measured in “real-time”. This is
exltri]ntl:iif)sn((?oef‘?il::?gnt 6.009'(4) WRe= 0. accomplished by the use of a linear polarized picosecond pump

Apmas Apmin (€ A7) 0.202 and-0.187 laser pulse, in order to selectively excite molecules =t 0,
which are aligned with their transition dipole moments parallel
The X-ray intensities for the structure determination were to the electric field of the laser, followed by a time-resolved
collected on a Siemens (now Bruker AXS) SMART CCD Polarization-sensitive detection. Due to the free rotational motion
diffractometer atT = 173 K using graphite monochromated ©Of the molecules, the initial alignment decays within a few
Mo Ko radiation. After data reduction, an empirical absorption Picoseconds, but a recovery of this alignment is obtained after
correction was appliet. a characteristic rotational period. In the experimental setup
The structure was solved by direct methods and subsequen€™MPloyed, a picosecond probe laser pulse with the same
Fourier syntheses and was refined by full-matrix least-squaresWavelength, intensity, and polarization as the pump pulse was
techniques with anisotropic displacement parameters using theused for detection, and the time- and wavelength-integrated
programs SHELXS-@? and SHELXL-972! The positions of ~ fluorescence signal as a function of the time delay between both

the H atoms were located by difference Fourier synthesis. The Pulseés was recorded (time-resolved fluorescence depletion,
amino H atoms were refined freely, all others with fixed TRFD)#?® The RCS spectrum exhibits several recurrence

individual displacement parametetd(H) = 1.2Uc(C)] using transients, which can be related to algebraic combinations of
a riding model with G-H(aromatic)= 0.95, G-H(secondary) the rotational constants (in the time domain) of the moletlle.

= 0.99 or C-H(tertiary)= 1.0 A. The molecular graphics were From a quantum mechanical point of view, RCS has to be
obtained with XP in SHELXTL-PIug? Further details are given considered as a thermally averaged rotational quantum-beat
in Table 1. spectroscopy. Comprehensive accounts on the theoretical basics

B. Rotational Coherence Laser SpectroscopyFor a more and the_ simulati?n and analysis of the resulting spectra are given
detailed description of the experimental setup of the picosecondi" the literature’
laser system and the molecular beam apparatus we refer to
previous publication&’-18Here, we will give only the principal |
concept of this high-resolution laser technique. Rotational A. X-ray Data. As a result of the X-ray diffraction analysis,
coherence spectroscopy (RCS) is a time-resolved rotational lasethe atomic coordinates and the corresponding anisotropic
spectroscopy, which is preferentially applied to large molecules displacement parameters of pCHA are given in the Supporting
and molecular clusters in the gas phase under molecular beaminformation in Tables 1S and 2S, respectively. The obtained
conditions?®24 For the experiment a supersonic gas expansion molecular structure of pCHA in the crystalline phase at 173 K
is employed, resulting in a rotational temperature of the is depicted in Figure 1 together with the numbering of the atoms.
molecules of~10 K and a vibrational temperature sfL00 K, In Table 2 selected structural parameters are listed for com-
i.e., comparable to that in the X-ray experiment. This laser parison with the theoretical results describing the gas phase
technique is complementary to frequency-resolved spectroscopicstructure. In Table 3 parameters of the intermolecular hydrogen
techniques such as high-resolution laser fluorescence or absorpbond are given together with the corresponding data of aritine.
tion spectroscopy and microwave spectroscopy. The main B. RCS Data. The results of the RCS study of pCHA are
experimental results derived by it are the rotational constants summarized in Table 4, together with the corresponding ab initio
for the electronic ground and excited state of the molecular and X-ray data. The rotational constants of the RCS experiment
system under study. The precision of the rotational constantsare obtained by an extensive numerical fitting procedure based
lies in the sub-MHz range, giving a relative accuracydfo—. on the simulation of the RCS spectra. Details of the procedure,

The underlying physical process can be understood classicallyespecially the error analysis, and a discussion of the results are
in terms of an ultrafast laser experiment, in which the rotational given in ref 18.

Il. Results
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TABLE 2: Selected Structural Parameters of the X-ray Diffraction Experiment and the ab Initio Geometry Optimization
(MP2/6-31+G(d) and CIS/6-314+-G(d) Level) for pCHA

ab initio
calculation (9)2
CIS/6-3HG(d)

ab initio
calculation ()
MP2/6-3HG(d)

experimental results
(So, X-ray diffraction)

Bond Lengths/A

NH: group N-H(1A) 0.86(3) 1.016 0.995
N—H(1B) 0.91(4) 1.016 0.995
N—C(1) 1.414(4) 1.409 1.340
aromatic ring C(1yC(2) 1.368(4) 1.402 1.425
C(1)—C(6) 1.390(4) 1.404 1421
C(2)-C(3) 1.383(4) 1.397 1.403
C(3)-C(4) 1.380(4) 1.402 1.416
C(4)-C(5) 1.380(4) 1.405 1.416
C(5)—C(6) 1.383(4) 1.395 1.405
longaxis  C(1}C(4) 2.814 2.844 2.810
short axis C(2yC(6) 2.368 2.410 2.481
phenylcyclohexyl C(4yC(11) 1.513(4) 1.508 1.510
cyclohexyl ring C-Cb 1.517 1.531 1.535
longaxis  C(11}C(14) 2.958 2.962 2.972
short axis C(12yC(16) 2.492 2.519 2.527
Bond Angles/deg
NH; group H(1A)-N—H(1B) 110(3) 110.1 117.7
H(1A)—N—C(1) 112(2) 113.7 121.1
H(1B)—N—C(1) 113(2) 113.7 121.2
C(2-C(1)-N 122.1(3) 120.8 119.1
C(6)-C(1)—N 119.6(3) 120.6 119.5
aromatic ring C(2yC(1)—C(6) 118.3(3) 118.4 121.3
C(1)-C(2-C(3) 120.9(3) 120.5 118.6
C(4)-C(3)-C(2) 121.9(3) 121.7 120.7
C(3)-C(4)—C(5) 116.8(3) 117.4 119.9
C(4)-C(5)—-C(6) 122.1(3) 121.4 120.5
C(5)—-C(6)—C(1) 120.1(3) 120.7 118.9
NH, wagging NH-phenyl plane 47.8 45.5 0.0
cyclohexylphenyl bend (i) C(3)-C(4)-C(11) 120.4(3) 121.0 119.1
cyclohexylphenyl bend (oop) C(4)-C(11)-C(12) 111.5(2) 112.1 112.6
Dihedral Angles/deg
NH twisting H(1A)—-N—C(1)-C(2) 16(3) 28.5 0.0
H(1B)—N—C(1)-C(2) 141(2) 155.5 180.0
H(1A)—N—C(1)—C(6) —166(2) —156.5 180.0
H(1B)—N—C(1)—C(6) —40(2) —29.5 0.0
N—C(1)-C(2)-C(3) 179.1(3) 176.4 180.0
N—C(1)—-C(6)—C(5) 179.9(3) —176.5 180.0
cyclohexylphenyl twisting C(5yC(4)-C(11)-C(16) —52.9 —62.2 —62.5

a3, corresponds to the experimentally observed excited state (seePtAxBrage valuetip: in the phenyl planed oop: out of the phenyl

plane.

TABLE 3: Intermolecular Hydrogen Bond Parameters in
the Crystalline Phase ofp-Cyclohexylaniline (pCHA) and
Aniline Determined by X-ray Diffraction (A and deg)

discussed. Complete geometry optimizations were carried out
at all levels applying standard convergence criteria and checked
for true minima. All frequencies in the harmonic approximation

D—H-A d(D—H) d(H---A) d(D---A) [(DHA) were real. While pCHA has @; symmetry in the ground state,
pCHA® in the excited state the molecule ha€asymmetry with the
N1—H1A-+-N1 (i)° 0.86(3) 2.40(4) 3.247(3) 166(3) aromatic plane as a mirror plane. Since calculations reveal that
anllurlleleO N2 (i) L0765)  2.16(5) 3.180(6) 159(4) the electronic properties of th@é; and Cs symmetric species
— .o e . . . - - .
N2—H200-N1 (ii)c 099(d) 243(3) 3373(5) 158(3) are exactly the same in the excited state, the results obtained

2This work.? From ref 13.© Symmetry transformations used to

generate equivalent atoms: (ixx + 1,y — 0.5, —z + 1.5; (ii): X,
-y + 0.5,z+ 0.5; (ii): x,y,z— 1.

C. Computational Results.In order to gain insight into the

molecular geometry we performed ab initio calculations for both

the ground and excited states of pCHA using the 6-G{d)

on the C; symmetric species are only reported in this study.
Selected structural parameters are given in Table 2, and the
resulting rotational constants are listed in Table 4. All calcula-
tions reported in this study were carried out using the Gaussian
94 suite of program&®

Before we compare the results obtained from the ab initio
calculations to the X-ray data, it is useful to examine the role

basis set containing 268 basis functions. In the case of theof basis set size and the level of correlation in describing the

ground state (§, calculations at both the Hartre€ock (HF)

and the second-order MgllePlesset perturbation (MP2) levels

experimental geometries and rotational constants of similar
molecules. In a study by Lampert et al., the geometries of a

of theory were performed. The excited state calculations were number of aromatic molecules (benzene, phenol, benzaldehyde,
carried out using the configuration interaction singles (CIS) salicylaldehyde) were evaluated at various levels of theory using
method. Here we applied also the aug-cc-pVDZ basis set different basis set® They found that the best correspondence
containing 452 basis functions. The results were similar to the between the experimental and theoretical calculations is obtained
CIS/6-31G(d) level, so that only these will be reported and at the MP2 and the density functional (B3LYP) levels of theory
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TABLE 4: Rotational Constants of pCHA (in MHz) As Obtained by RCS, ab Initio Calculations and X-ray Diffraction
Analysis

p-cyclohexylaniline aniline
X-ray diffraction high-resolution X-ray diffraction
RCS(gas phase) ab initto (solid stateh) (gas phasé) ab initio (solid state

Ground State (§
A 2406.4+ 0.6 2408.7 2538.2 13.5 5618.1- 0.2 5596.8 5893.4 (5866.1) 58
B 358.3+ 0.3 358.5 364.% 0.6 2594.2+ 0.2 2581.0 2616.0 (2638.7) 17
C 356.5+ 0.3 357.1 357. % 0.6 1777.2£ 0.2 1769.8 1814.6 (1823.3)- 10
B+ C 7148+ 04 715.6 722.41.2

Carbon Skeleton @B
A 3268.9 3370.6
B 401.5 407.1
C 400.9 400.2
Excited State

A 2346.3+ 1.3 2377.3 5286.9 0.2 5466.8
B 362.9+ 1.8 360.7 2633.80.2 2712.9
C 356.4+ 1.8 358.7 1759.4- 0.2 1813.2
B+ C 719.3+ 2.1 719.4

aFrom ref 18.° This work. Calculations were performed for ground statg & MP2/6-3HG(d) level, excited state gpat CIS/6-3HG(d)
level. ¢ From ref 2.9 From ref 13.¢ Since the G-H bonds have not been well resolved in the X-ray analysis of this work, the rotational constants
of the carbon skeleton including the amino group were calculated from the X-ray and ab initibFtata. ref 5.

(the mean absolute deviations of the rotational constants areof 0.5% upon change of the bending anglesC(3)—C(4)—
less than 0.2%). On the other hand, the rotational constantsC(11), 0C(4)—C(11)-C(12)) by 3 and also by change of’5
calculated at the HF level are consistently higher than the of the torsion dihedral angléJC(5)—C(4)—C(11)-C(16)). For
experimental numbers. Compared to the experimental bondthe torsional angle it is obvious that tideconstant along the
lengths, the aromatic-€C bond lengths are slightly longer, and prolate top axis (long axis of the molecule) is less sensitive
the C-O, C=0 bond lengths are slightly shorter at the MP2 than theB andC constant perpendicular to it. A more detailed
level. Hence, the rotational constants are more reflective of the description can be found in ref 18. If one considers that the
overall structure than specific geometrical parameters. relative experimental errors of the rotational constants are an
Since pCHA contains an amino group, we highlight the effect order of magnitude smaller than the obtained variations, a
of an increase in the basis set size and the level of correlationcomparison of gas phase, i.e., ab initio structure and X-ray
on the geometries using the calculations carried out by us onstructure, is justified for the inter-ring coordinates.
aniline3° The most significant structural changes accompanying  \we have also analyzed the dependence of the rotational
basis set augmentation from 6-86G(d) to aug-cc-pVDZ atthe  constants on direct variation of certain bond lengths and found
MP2 level are an elongation of theC and C-C bonds by  that small increases<0.01 A) in the lengths of the C(£)C(2)/
ca. 0.01 A and shortening of the-N and C-H bonds by ca.  ¢(1)-C6) bonds leads to a decrease in the valua bf about
0.005 A. As in the case of benzene, phenol, and benzaldehyde 4 MHz (0.6%). The effect of this increase on the sumBof
the calculated distances are comparatively higher than thegngcis considerably smaller{1 MHz, 0.1%). Except for the
corresponding experimental distances obtained from the rota-c(4)—c(11) bond (sum oB andC decreases by about 2 MHz,

tional spectra of aniliné. 0.3%, for an increase in the bond length by 0.01 A), the increase
. . ) in the lengths of all the other bonds has a small effect (decreases

IV. Discussion and Structural Differences between Gas by about 1 MHz, 0.1%, for an increase in the bond length by

Phase and Solid State 0.01 A) on the sum oB and C. ObviouslyA is invariant to

In the following we will use the data on the bond lengths increases in the C(4)C(11) bond lengths. Increases in the
and angles of the ab initio calculation to represent the structure lengths ¢0.01 A) of the other bonds, €N, C(2)-C(3), and
of pCHA in the gas phase (Table 2). We concentrate here on C(3)~C(4), leads to a small decreasel( MHz, 0.04%) ofA.
the ground state structure, which will be compared for different In the course of our discussion on the geometries of the excited
structural regions of the molecule with the results of the X-ray States, we show how these geometrical changes can help explain
diffraction analysis. The intermolecular interactions in the the observed changes in the rotational constants of the excited
crystalline phase and its consequences for the molecular structurstate of pCHA.
will be discussed based on the crystal packing data. Obviously, the conformation of the amino group has a much

Since the experimental structural data of pCHA in the gas smaller influence on the rotational constants. An estimation
phase are rotational constants it is pertinent to estimate theamounted to abdua 2 order of magnitude smaller change in
sensitivity of these constants to selective structural parametersthe rotational constants. But here a note of caution is appropriate.
In an earlier publication we have discussed this relation in detail In the applied method no relaxation or optimization of other
on the basis of ab initio calculations at the HF/6-31G(d) lé¥el. coordinates at the new geometry was performed. Since the
Simple one-dimensional model calculations were performed by interaction between the aromatic and the cyclohexyl ring is
modification of molecular coordinates from their ab initio negligible, this procedure is justified for the inter-ring coordi-
optimized values and normalization of the resulting rotational nates. However, for the amino group it was pointed out before
constants with respect to the experimentally determined values.for the case of anilinethat an optimization of the geometry is
By this method the two inter-ring bending modes (in the phenyl indispensable in order to account correctly for the electronic
plane, out of the phenyl plane) and the inter-ring torsion were interaction. For pCHA these calculations have not been per-
explored. We obtained a variation of the rotational constants formed and thus a definitive assessment cannot be given yet.
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Another point noteworthy is that small variations in rotational
constants can also be achieved upon changing slightly several
coordinates at the same time. For instance, the conformation of
the amino group ofp-aminobenzonitrile in the electronically
excited state has been analyzed and two contrary values for the
wagging angle based on the same rotational constants have been
published (34 in ref 31, @ in ref 32). Thus, an unambiguous
conformational analysis of the amino group based on the ¢
rotational constants alone is not feasible and ancillary spectro-
scopic information, e.g., from vibronic spectra, has to be taken
into account.

However, since the results of our calculation are in line with
corresponding data of a series of aniline derivativésye think
that the following detailed discussion is well-founded. Moreover,
it is useful for a deeper understanding of the structural change
of this class of molecules going from the gas to the crystalline
phase.

A. Overall Structure. The general molecular structure of
pCHA is similar for both the gas and the crystalline phase. The Figure 2. Crystal packing of-cyclohexylaniline obtained by X-ray
cyclohexyl ring is connected to the phenyl ring by an equatorial diffraction (view along theb-axis).
bond. Both rings are oriented nearly perpendicular with respect
to their “short axes”. The “long axes” of both rings are nearly represent the longest (1.390 A) and the shortest bond (1.368
in the same plane and inclined to each other by an angle ofA) in the aromatic ring, presumably due to the modified
24°. 1f, in a simplified picture, the “inter-ring” torsion and  conformation of the amino group and its involvement in an
asymmetric distortions are ignored, the phenyl plane would be intermolecular hydrogen-bonded chain. Interestingly, a similar
a mirror plane (point grou@s). Upon inclusion of a nonplanar  behavior was obtained from the X-ray structure of aniline, where
amino group, two enantiomeric structures could be constructed,the aromatic €C bond cis to the NH bond, which is involved
but they are interconverted readily in the gas phase by tunnelingin the hydrogen bond, also exhibits the largest aromatic bond
in the symmetric double well potential. In general, the bond length. In the case of pCHA, a comparison of the long and short
angles for the crystalline and gas phase data agree fairly wellaxes of the aromatic ring shows that the ring in the crystal is
(within 1%), except for the angles related to the amino group significantly smaller than in the gas phase (by2P6). Note
and the inter-ring angles. The dihedral angles show slightly also that there is a systematic underestimation in the calculated

larger differences. bond lengths by the employed ab initio methéds.

B. Conformation of the NH, Substituent. The NH; group D. Cyclohexyl Ring. The cyclohexyl ring resides in its low-
has a pyramidal character in both phases as demonstrated bynergy chair conformation. The overall ring size in the crystal-
the wagging angle of 47°8and 45.8 for the X-ray structure line phase, given by the corresponding long and short axis, is
and the ab initio calculation, respectivéfyFurthermore, the smaller by approximately 1% compared to the gas-phase value.
sum of the angles around the nitrogen atom is’386the X-ray However, the €C bond distances in the ring show larger

structure (337.5for the ab initio data) which is closer to a%sp  “fluctuations” for the crystalline phase than for the gas phase.
(328.4) than a sp(36C) character. The twist angle of the NH A more pronounced difference between both structures can be
group in the gas phase is negligible wheras in the crystal therefound in the detailed inspection of the relative orientation of
is a considerable amount of twisting (around+14° from the the cyclohexyl and phenyl ring. In the X-ray structure a twisting
symmetric structure) to accommodate to the intermolecular along the C(4}C(11) bond by 9 is observed (Table 2,
hydrogen bonding (see below). This points toward a slightly OC(5)—C(4)—C(11)}-C(16)). However, the inter-ring bending
stronger interaction of the amino group with the aromatic ring coordinates in and out of the phenyl plane show only very small
for the gas phase structure as compared to the X-ray structuredifferences (approximately Cbetween both phases. For both
For both structures the N atom lies nearly in the phenyl plane, structures the influence of the cyclohexyl ring on the aromatic
i.e., the distance between N(1) and the least-squares plane givelsystem seems to be negligible, which is comparable to data for
by the carbon atoms C(1) through C(6) is small; 0.004 A in the p-methylaniline’

X-ray, 0.013 A in the ab initio structure. This is in contrast to E. Crystal Packing and Intermolecular Interactions. The
aniline, where a displacement of the N atom out of the phenyl crystal structure of pCHA is stabilized by an intermolecular
plane to the opposite side as the H atoms by 0.12 A has beemydrogen bond (Figure 2, Table 3) with a NHN hydrogen
obtained from its X-ray structuré. bond length of 2.40(4) A and a-NN distance of 3.247(3) A.

C. Aromatic Ring. The aromatic ring is slightly distorted It is remarkable that it is the H atom H(1A) which nearly lies
from a regular hexagon. For both sets of data the endocyclicin the plane of the aromatic ringJH(1A)—N(1)—C(1)—C(2)
anglesIC(2)—C(1)—C(6) andOC(3)—C(4)—C(5) at the sub- = 16°) that is involved in the hydrogen bond and not the other
stitution positions are smaller than T20vhereas the other  amino hydrogen atom H(1B), which is twisted by approximately
angles are larger. In the ab initio structure the bonds €(2) 40° (see Table 2) out of the plane of the phenyl ring. The two
C(3) and C(5)-C(6), parallel to the long axis, are smaller than N—H bond lengths have nearly the same value with 0.86(3) A
the remaining &C distances in the ring. This quinoidal (N—H(1A)) and 0.91(4) A (N-H(1B)). However, only one
character is strongly increased upon electronic excitation (seehydrogen atom in each amino group is involved in the hydrogen
ref 15 and discussion below). In the X-ray structure no bonding. Thus, each amino group acts both as a donor and an
systematic variation of the aromatic-C bond distances is  acceptor in a hydrogen bonded zigzag chain connecting two
observed. However, the-C bonds of the substituted atom C(1) face-to-face oriented stacks of pCHA molecules (Figure 3).
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Figure 3. Intermolecular hydrogen bonds in the crystalline phasp-ofclohexylaniline obtained by X-ray diffraction.

For comparison, the X-ray analysis of aniline at 252 K
revealed a similar intermolecular arrangemgrnithe crystal
structure of aniline contains two nearly identical molecules
(rmsd: 0.012 A fitting all non-H atoms) per asymmetric unit
which are hydrogen bonded and form infinite chains. This
pattern is similar to the one found in pCHA, except that the
two N---N distances are significantly different (3.180(6) and
3.373(5) A; see Table 3 for further details). Interestingly, this
intermolecular structure in the crystal is clearly distinct from

The gas phase measurements exhibit smaller uncertainties
than the crystalline phase X-ray results. However, note that
rotational constants given by the moments of inertia of the
principal axes by definition represent an integration over mass-
weighted coordinates of the molecular system. Moreover, with
three rotational constants, no unambiguous recovery of all
molecular coordinates of pCHA, composed of 30 atoms, is
possible. Thus, although the uncertainties for the rotational
constants obtained from the X-ray analysis are larger, the

the results of an antiparallel stacked aniline dimer in the gas information content of the X-ray data is obviously higher since
phase? demonstrating that the solid state behavior of organic atomic coordinates are unambiguously obtained.

crystals will only be reached in larger homogeneous aggregates.

For the molecule aniline, which represents the UV chro-

A possible explanation for the differences between the pCHA mophore unit of pCHA, corresponding sets of data (gas phase,
and aniline structure in the crystalline phase can be obtainedgp initio, crystalline phase) have been collected from the

from consideration of the voluminous cyclohexyl substituent.

literature and are listed in Table 4. The increase of the rotational

This group, oriented nearly perpendicular to the aromatic ring, constants in going from the gas phase to the crystalline phase

acts as a spacer between pCHA molecules within a stack.
F. Comparison of Rotational ConstantsSince the rotational

is very similar. The effect on thA rotational constant is less
pronounced due to the smaller size of the one-ring system

constants of pCHA are the direct experimental results of our aniline. Note that the rotational constants of the two structures
RCS laser study in the gas-phase we calculated also thefor aniline of ref 13 are accompanied by uncertaintiess(2
rotational constants from the X-ray and the ab initio data for confidence interval) which do not allow for an unambiguous
comparison (Table 4). The experimental uncertainties of the assignment. As discussed above, the intermolecular interactions
X-ray data have also been propagated appropriately by meansn the crystalline phase are dominated by hydrogen bonding
of a Monte Carlo method to achieve the corresponding error mediated by the amino groups and thus are very similar to
margins of the rotational constants. In Table 4 we listed likewise pCHA.

artificial rotational constants for the carbon skeleton of pCHA,

i.e., without carbon bound hydrogen atoms, because the latter, giyctural Changes upon Photoexcitation of pCHA in
have not been well resolved in the X-ray experiment. From the {ho Gas Phase

data in Table 4 it is noticeable that the rotational constants
an B of the molecule in the crystalline phase are significantly

The changes of the molecular structure upon electronic

larger than those of the isolated molecule. This can be excitation of pCHA to the Sstate have been discussed in
rationalized by a compression of the molecular frame in the previous publication?34 Here, we review the main features,
crystalline phase. From the bond lengths of Table 2 one can substantiated by results of new high-level ab initio calculations.
deduce that the compression along the long axis of the moleculeSince these new calculations have been carried out using basis
(a axis in the molecular frame) is much less than the compres- sets containing diffuse functions, the description of the excited
sion perpendicular to this axis, leading to a strong increase in states should be more reliable. To the best of our knowledge,

the A rotational constant where&@andC are only moderately

there have been few studies detailing the performance of

increased. Furthermore it is obvious from Table 4 that the results different theoretical methods in characterizing the geometries
of the ab initio calculation serve as an excellent representationof the excited state of large molecules. The focus of most
of the gas phase structure, which is the basis for the detailedcalculations on the excited state have been in evaluating the

structural discussion presented above.

vertical excitation energies, the oscillator strengths, 3®tc.
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However, recent studies of the excited states of benzene, styrenealong the long axis-0.9%), resulting in a decrease of the

and aniline using the CIS method seem to indicate that the rotational constant and a small increaseBrand C. In the
method can be employed to obtain reasonably accurate geombeginning of this section, we had discussed the effect of changes
etries#36:37 in various bond lengths on the rotational constants. In particular,

Upon photoexcitation, the experimental rotational constants We had pointed out that the increase of the €(J2)/C(1)-
(Table 4) exhibit a decrease Afby 2.6%, and a small increase C(6) bond lengths leads to a decrease in the rotational constant
of B, whereasC neaﬂy Stays constant (Set Il of ref l@)TO A ltis interesting to note that in the excited state both these
account for the structural changes we will use the results of the bonds exhibit significant lengthening. These structural changes
new ab initio calculation in the following, justified by the good ~agree with an augmented contribution of the quinoidal resonance

agreement of experimental and theoretical rotational constantsStructure of pCHA in the electronically excited state. From the
for both electronic states. increase of théJHNH and OHNC(1) angle by 7—8° it can

also be concluded that the interaction of the lone-pair electrons
the calculated excited state structure corresponds to the structurd” the amino subs_tnuent and tln_eelectrons_|s increased in the_
being observed in the experiments. In our earlier calculations excited sta.te. This photophysmal behgwor agrees we!l with
using the 6-31(d) basis set, the first three singlet excited Statescorrespondlng ??‘pi“me“‘a' and theoretical results on afiifine
of pCHA evaluated by the CIS method had nonzero oscillator and p-methylaniline:
strengths. Hence, the calculated s$ate was attributed to the
experimentally observed excited state. The use of the#6c31
(d) basis set, however, leads to a lot of changes in the structures In this study, the X-ray structure gf-cyclohexylaniline is

of the excited states of pCHA. Interestingly, there is little reported for the first time. The structural data are compared with
difference in the structures of the excited states of pPCHA, when former high-resolution gas phase experiments, which were
the much larger aug-cc-pVDZ basis set is used. This seems toanalyzed by a new ab initio calculatié.

give an impression that the 6-8G(d) basis set is quite adequate Although the general features of the structure in the gas and
in representing the excited state. However, we believe that morecrystal phase compare well, a detailed examination reveals
sophisticated theoretical methods like CASPT2, CCSD, and Systematic differences. In the crystalline phase the molecular
MRD-CI have to be employed to observe the effect of the carbon skeleton is slighly compressed, and an intermolecular
change in the basis set from the 643%&(d) to the much larger ~ hydrogen bond causes approximately & tbdsion of the amino
aug-cc-pVDZ. Initially we carried out an optimization of group. This torsion might affect slightly the structure of the
structure of pCHA in the first excited state;fSA large increase aromatic ring, most probably by modification of the interaction
in the dipole moment with respect to the ground state and a of the free electron pair of the amino group and the aromatic
vertical excitation energy of 4.86 eV was found, but the s-€lectron system. Moreover, presumably as a resuttstack-
oscillator strength was zero. The second excited stagg (S ing in the crystalline phase a tilt by @etween the cyclohexyl
however, had a nonzero oscillator strengti=(0.10). Hence and the aromatic ring compared to the gas phase structure is
we thought that the experimentally observed excited state mightdetected. The general results agree well with studies on similar
correspond to the second excited state. We therefore carriedcompounds in the crystalline and the gas phase, e.g., afiifine,
out an optimization of the structure of pCHA in this state. There p-methylaniline? and aminobenzonitrile's.

are significant differences in the structures of theaBd $

optimized geometries, and hence the calculated rotational Acknowledgment. We gratefully acknowledge the Her-
constants are also different. A vertical excitation energy of 5.17 Mann-Willkkomm-, Adolf-Messer-, and Bodo-Sponholz-Stiftung.
eV was obtained for the Sexcited state optimized structure, P-T-and K.S.K. are thankful for support by MOST/STEPI under
which indicated that the excitation energies of both theusi the creative research initiatives program.

S, excited states are very close to each other. Given the nonzero

oscillator strengths of the;®xcited state of pPCHA, we believe
that the $ excited state optimized structure corresponds to the

experimentally observed excited state (4.13 &#f.Further- coordinates and the anisotropic displacement parameters for
more, this is corroborated by the alignment of the transition PCHA is reported in Table 1S and Table 2S, respectively. This

dipole moment, which is in-plane short-axis polarized with material is available free of charge via the Internet at http://

respect to the aromatic ring for the &cited state in agreement pubs.acs.org.
with the experimental findings.

Some of the salient geometrical features of theescited

state optimized structure are listed in Table 2. It can be seen Afl)A ggig%/g;ll';gbsstig&ego'?% (sssfa'kev D.Kale, W.; Zachariasse,
from the geometry listed in Table 2 that the excited state ('2) Sinclair, W. E.- Pratt, D. WJ. Chem. Phys1996 105, 7942.

structure of pCHA possessesasymmetry. Furthermore, the (3) Kerstel, E. R. Th.; Becucci, M.; Pietraperzia, G.; Castellucci, E.
data in Table 2 indicate that in the excited state there is a Chem. Phys1995 199 263.

significant shortening of the €N bond accompanied by a 19724)23“?593[' D.G.; Tyler, J. K.;; Hog, J. H.; Larson, N. . Mol. Struct.

planarization of the Nk group (wagging anglez 0°), which (5) Tzeng, W. B.; Narayanan, K.: Shieh, K. C.; Tung, C.JCMol.
allows for a stronger interaction of the NMHjroup with the Struct. 1998 428, 231.

aromatic ring. The bond length between the two ring systems St(6) f‘?#'tzvl%égg”%'g”ev G.; Ramondo, F.; Domenicano, A.; Hargittai,
. . P . . ruct. em y .

is also .sll_ghtly decregsed, but .there is little effect on the inter- (7) Tzeng, W. B.; Narayanan, Ki. Mol. Struct.1998 446 93.

ring twisting or bending coordinates. As expected for a local (8) Powers, D. E.; Hopkins, J. B.; Smalley, R.EEChem. Phys198Q
excitation in the aromatic chromophore, the cyclohexyl ring does 72, 5721.

; ; ; ; ; (9) Wategaonkar, S.; Doraiswamy,B.Chem. Physl997 106, 4894.
not ghange In-size, whereas the aromapc fing Increases (10) Wategaonkar, S.; Doraiswamy,J5Chem. Phys1996 105, 1786.
considerably. Particularly, the short axis (distance €(6) (11) Tzeng, W. B.; Narayanan, K.; Hsieh, C. Y.: Tung, C.JCChem.

in Table 2) increases by 2.0%, whereas the ring contracts slightly Soc., Faraday Trans1997, 93, 2981.

But before doing that, it is imperative for us to indicate that

VI. Conclusions

Supporting Information Available: Detailed information
on the X-ray diffraction experiment concerning the atomic
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