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Internal Rotation and Intermolecular Vibrations of the Phenol—Methanol Cluster: A
Comparison of Spectroscopic Results and Ab Initio Theory
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The vibronic spectra of five deuterated species of the binary phenethanol cluster are compared to the
intermolecular vibrational frequencies of an ab initio-based normal-mode analysis. Isotopomers with equal
mass could be distinguished experimentally using spectral hole-burning spectroscopy. The vibronic bands of
phenot-methanol are split into A and E components because of the internal rotation of the methyl group.
This torsional splitting is increased for three of the intermolecular vibrations because of coupling to the large-
amplitude motion. Guided by comparison to an ab initio normal-mode analysis and by the torsional splitting
of some of the vibronic bands, a complete intermolecular vibrational assignment for the phretbanol

cluster is presented.

I. Introduction

Clusters of phenol with methanol represent an interesting
model system to study the influence of the sensitive equilibrium

between hydrogen bonding and van der Waals interactions on

the cluster structure. The binary cluster of phenol with methanol
has been studied in detail both experimentally and theoreticlly.
For the phenoetmethanol cluster, vibrational frequencies for

the electronic ground state have been determined using disperse
fluorescence spectroscopy. The frequencies of a bending modé®

basis of a semiempirical model potenfidin their structure,

the C-0 bond of the methanol moiety is nearly perpendicular

to the aromatic ring. This structure is very similar to that
determined from rotationally resolved LIF spectroscopy in our
group’

Although the structure of the pheraiethanol cluster can
be reproduced at the MP2 level of theory even with moderate
Rasis sets, the intermolecular vibrational frequencies obtained
t this level of theory show a large deviation from the

and of the stretching mode were determined to be 22 and 162experimental ones. Therefore, we performed R2PI and SHB

cm~1, respectively, by Abe et &lIn the fluorescence excitation
spectrum of the Sstate, this groupobserved vibronic bands
at 27 and 175 cmt that they assigned to the corresponding
transitions in the Sstate.

Only one conformer of the pheneimethanol cluster is
responsible for absorption in the observed spectral region; this
conformer has been confirmed using spectral hole-burning
fluorescence spectroscopy (SHRB)ith analysis of the electronic
origin of phenot-methanol. From SHB and dispersed fluores-
cence measurements, the six intermolecular vibrations both in
the $ and S states could be assigned. Recently, Stadok a
Fourier transform microwave spectrum of the phetmakthanol
cluster, yielding rotational and centrifugal constants for the
electronic ground state.

In two preceding publications, we described the determination
of the structure of the phenemethanol cluster by rotationally
resolved UV spectroscop? assisted by ab initio calculations.
Because of the torsional motion of the methyl group, the
vibronic origin is split into A and E subbands. The evaluation
of both torsional bands yielded rotational barriers for the
electronic ground and excited states.

An ab initio analysis of the intermolecular vibrations in the
electronic ground state has been published by Gerhards'et al.
Their calculations at the Hartre€-ock level predicted a
translinear geometry, as in the case of the phenaiter cluster.
Courty et al. present a different structure of the cluster on the
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measurements for five differently deuterated clusters to obtain
straightforward assignments of the intermolecular vibrations in
the electronically excited state.

[I. Computational Methods

All ab initio calculations were performed using the Gaussian
98 program packag®€.The SCF convergence criterion used for
our calculations was an energy change below®l@artree,
whereas the convergency criterion for the gradient optimization
of the molecular geometry wag/r < 1.5 x 107> hartree/bohr
and dE/ap < 1.5 x 10°° hartree/degree, respectively. The
structure optimizations for the electronic ground state have been
performed at the HF and MP2 levels of theory. A normal-mode
analysis has been performed using the analytical second
derivatives of the potential energy surface to obtain the
intermolecular vibrational frequencies for the different isotop-
ically substituted clusters.

The potential energy surface along two intermolecular
coordinates has been calculated at the MP2/6-31G(d,p) level
of theory using redundant internal coordinates. The energy has
been calculated in increments of°1for the internal rotation
angle and for the librational angle (cf. chapter IVB) while all
other internal coordinates have been kept at their equilibrium
values.

The intermolecular vibrational frequencies of the first excited
singlet state have been calculated with the CIS method using
Pople’s 6-31G(d,p) basis set. Although the CIS method is based
on the HF determinant and does not include dynamical electron
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correlation, quite reliable results for the geometry optimization
of electronically excited states of various molecules have been |2
obtained! Because the description of clusters in the electronic
ground state required the inclusion of dynamical electron
correlation, reliable results for thg State can only be expected
using correlated methods such as CASPT2. To describe the
investigated effects would require an active space that is |
currently too large to allow these calculations.

=
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Ill. Experimental Section WJ
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The experimental setup for the resonance-enhanced two-
photon ionization (R2PI1) and UYUV spectral hole burning
(SHB) is described in detail elsewhéfe-3Briefly, the vacuum d
apparatus consists of a source chamber in which the molecular
beam is formed by expanding a mixture of helium, phenol, and =~ : , ; i
methanol through the 3Q@m orifice of a pulsed nozzle (General 35950 36000 36050 36100
Valve, lota One). Phenol was kept at room temperature, whereas
methanol was cooled t620 °C using a Peltier cooler to reduce d,
the formation of larger clusters. Deuterated phenol has been
prepared by refluxing phenol (Riedel dééta p.A.) with O
for 2 h, evaporating the solvent, and repeating this procedure
four times. CROD and CRXOH were purchased from Chemo- e
trade (D = 99.5%) The skimmed molecular beam (Beam d
Dynamics Skimmer, 1-mm orifice) crosses the laser beams at
right angles in the ionization chamber. The ions are extracted i . i .
in a gridless Wiley-McLaren-type time-of-flight (TOF) spec- 33950 36000 36050 36100
trometer (Bergmann MessgésaEntwicklung) that is perpen- f
dicular to the molecular beam and laser direction; the ions enter d
the third (drift) chamber where they are detected using multi-
channel plates. The vacuum in the three chambers with the ,
molecular beam on wasx 10-3 mbar (source), & 10~ mbar 35950
(ionization), and 1x 10~7 mbar (drift). The resulting TOF signal  Figure 1. R2PI spectra oflo- to ds-phenot-methanol in the region of
was digitized by a 500-MHz oscilloscope (TDS 520A, Tek- the intermolecular vibrations. Tt andd, mass traces show vibronic
tronix) and transferred to a personal computer, where the TOF ban_d_s dge to two1 different isotopomers. Relative accuracy of band
spectrum was recorded and stored. positions: 0.2 cm:

o e e ¥ s, ntensife, and ecorde o the CCD i fera 15
pumped dye laser (LAS, LDL205) operated with Fluorescein . reduction of the image size In an optical fiber taper. The
27. For hole-burning spectroscopy, the second harmonic of andlspersed fluorescence is recorded with 12 bit resolution by the

: - ’ intensified slow-scan, gated CCD camera (LaVision, Flame Star)
NJ/YAG (Spectra Physics GCRS) pumped dye laser (LAS, ositioned in the image plane of the monochromator
LDL205) operated with Fluorescein 27 was used. Both lasers P gep '
were calibrated by comparison with the tabulated transition
frequencies of the iodine spectrum. The ions formed by the hole-
burning laser, which fires 800 ns before the probe laser fires, A. Distinction of the Isotopomers.Figure 1 shows the R2PI
are rejected by a permanent extraction field-6f50 V in the spectra of the examined deuterated species of the binary
acceleration region, which accelerates the burn-laser ions ontophenot-methanol cluster. A mixture of the isotopomers of the
the repeller plate. One hundred nanoseconds before the probgluster has been produced by mixing phemgiphenol, CR-
laser fires, the field is switched for 500 ns #2200 V by a OH, and CHOD or CD;OD. Both of the hydroxy groups of
fast push-pull high-voltage switch (Behlke) to transmit the phenol and methanol are sufficiently acidic to allow for a rapid
probe-laser ions to the detector. H < D exchange, whereas the methyl group is virtually inert

The apparatus used for dispersed fluorescence spectroscopyo this exchange. Isotopomers with different numbers of
consists of a high-vacuum chamber and a pulsed nozzle (Generatleuterium atoms can easily be distinguished by TOF mass
Valve lota One 30@:m nozzle hole). The vacuum is maintained spectrometry, as can be seen in Figure 1 for the undeuterated
by a 2000 L s? oil diffusion pump (Edwards), backed by a (trace a) and the doubly (trace c), three-fold (trace d), and five-
rotatory pump (Leybold D65B). Pressures were 106 (beam fold (trace f) deuterated clusters. Single and four-fold deuteration
off) and 5 x 1074 mbar (beam on). The molecular beam is leads to two different isotopomers. For one, the exchange takes
crossed at right angles with the output of an excimer (Lambda place at the phenolic hydroxy group; for the other, at the
Physik LPX 100) pumped, frequency-doubled dye laser (Lambda methanolic—OH group. Their electronic origins can be distin-
Physik FL 2002). The emitted fluorescence is collected and guished by their spectral shifts. The electronic origins around
focused by a two-lens system on the entrance slit of a 1-m 35 933 cn1! (see dashed line in Figure 1) belong to the deutero-
Czerny-Turner monochromator with an aperture of /8.4 (Jobin methanol species, but the origins around 35 940 ‘c(solid
Yvon THR 1000). We used a holographic grating (11 em1 line) can be attributed to the deutero-phenol species, as can be
cm) in second grating order with 2400 grooves/mm. The deduced from comparisons to the undeuterated and fully
fluorescence is imaged onto the photocathode of the CCD deuterated clusters. By analyzing the different origins, it was
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IV. Results and Discussion
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resolution LIF spectroscopy, the torsional splitting of the origin
is known to be 0.12 cmt (3557.621 MHZzY. This splitting is

too small to allow for separate analysis of the two torsional
components. As has been shown for the phemdalter cluster,
- PhOH(CH,OD), the coupling of intermolecular vibrations with a large-amplitude
““““ PhOD(CH, O, motion might lead to splittings that are larger than those of the
electronic origint? In the case of phenelmethanol, possible

d, - Phenol(Methanol), candidates for strong coupling are the intermolecular vibrations,
which comprise a considerable amount of methyl torsional
motion. Figure 4 shows the SHB spectra of the undeuterated
species obtained by analyzing the split vibronic bands at 45.6
and 48.5 cm?!. Obviously, these bands belong to different
ground-state levels and are assumed to be the torsional
components of the wagging-mogde The torsional splitting of
the electronic origin is too small to be resolved (vide supra).
The vibronic transition at 70 cnd, which is assigned to thg;
vibration, is split by 0.8 cm! (see Table 1), whereas the other
vibronic bands have comparably small splittings as the origin.
Both intermolecular mode$; and 3, show a large extent of
torsional character of the methyl group and, therefore, strong
coupling to this large-amplitude internal motion.

From the analysis of the rotationally resolved LIF spectrum
of phenot-methanol, the reduced barrier heighi{F could be
determined experimentally in the electronic ground and excited
states to be 32.16 and 27.65, respective\ssuming a 1-D
methyl rotation, the internal rotation consténtvas 158.1 and
158.2 GHz in the §and S states, respectively. With these
internal rotation constants, one would calculate torsional barriers

i SHB

T T T T T T
35950 36000 36050 36100

i SHB
* ———PhOH(CD,0D),
....... PhOD(CD,CH),

d, - Phenol(Methanol),

35950 ' 36000 36050 36100 of 170 cnttin the electronic ground state and 146 ¢nn the
Figure 2. SHB spectra of the twd, isotopomers of pheneimethanol excited state. These values differ strongly from theb¥rrier
(upper traces) (a) and of the tvea isotopomers of pheneimethanol in free methanol, which was determined to be 376.8 €A

(upper traces) (b). The lower traces show the respective R2PI spectracomparable reduction in barrier height upon cluster formation
is known for other complexes of methanol. In the methanol

possible to take SHB spectra of each of the isotopomers, WhlChdimer, the barrier to internal rotation in the acceptor methanol

could not be separated |n_the TOF spectrometer. Eigua and was determined to be 120 ci 6 in the aniline-methanol
b present the hole-burning spectra df- and ds-phenot- ) : _
. R cluster, the barrier was determined to be 215 t#i Fraser et
methanol taken by probing the electronic origin of the deutero- _ g - ; : o :
. X . al.*® proposed that this decrease in barrier height is an artifact
methanol species and of the deutero-phenol species, respectively, - . ) N
. . A due to the coupling of the internal rotation to the librational
The experimental frequencies of the electronic origins and the . L .
motion of the methanol molecule about its ineréighxis. This

corresponding vibronic transitions of all five isotopomers vibration is, in our case, the wagging-moge. The large
together with the vibrational assignments are collected in Table . ! ‘agging-mogie. 1h 9
torsional splitting of this mode is a good indication of the

1. The nomenclature for the assignments refers to the nomen- - ess of this theory. Figure 5 shows the displacement
. . . 14 .
clature in the phenclwater system given by Sttwiet al: vectors of the intramolecular torsion and fhemode. A contour

Briefly, the six intermolecular vibrations are divided into two Tplot of the potential energy surface along these two coordinates
groups. One group describes the lost translational degrees O%alculated at the MP2/6-31G(d,p) level with all other internal

freedom of the methanol moiety along they, andz axes (cf. coordinates fixed at their equilibrium values, is shown in Figure

Figure 3) of the clusterd 1, p1); the other describes the lost . ; .
rotational degrees of freedom about the inewid, andc axes fsér%t;wously, hoth motions are strangly coupled by anharmonic

of the methanol moiety/%, 7, p2). The x-axis points in the i . . ) )
direction of the hydrogen bond, whereas thaxis is perpen- Using the reduce.d barrier helghts from the high-resolution
dicular to the aromatic ring. Figure 3 shows the structure of Measurementswe simulated a torsional spectrum of phenol
the cluster and the rotational and translational axes. Unfortu- methanol. SHB analysis of the torsional components ofjthe
nately, the assignment of the intermolecular modes in the Mode should allow for an assignment of the pure torsional
phenot-methanol system to the lost degrees of freedom is not transitions to be made. Unfortunately, we were not able to
so straightforward as it is in case of the phenehter system, ~ identify any band in the spectra that was not a torsional
which can be attributed to the fact that the methyl group of the component of a vibration. Therefore, the only information
methanol moiety is able to form a (van der Waals) bond toward known about the torsional barrier is the A, E splitting of the
the aromatic ring. This additional bond resists pure translational €lectronic origirf

motions, and especially in the case of tfig vibration, a C. Intermolecular Vibronic Transitions. The vibronic

considerable amount of methyl torsional motion mixes into the transitions, which are compiled in Table 1 for tlg—ds

normal mode. isotopomers, are assigned by comparison to the results of ab
B. Distinction of the Torsional Components.After distinc- initio calculations. As has been shown in ref 8, the intermo-

tion of the isotopomers of phenemethanol, the torsional lecular geometry of the cluster (e.g., the orientation of the phenol
components, which are due to the methyl group torsional motion, and the methanol moiety with respect to each other) can be
were studied using hole-burning spectroscopy. From high- reproduced satisfactorily at the CI1S//6-31G(d,p) level of theory.
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TABLE 1: Electronic Origins and Relative Vibronic Frequencies of d,-Pheno—Methanol?

do dy(m)P di(p)° d, ds d, (m) da(p) ds assignmerit
0 (35 932.9) 0(35934.1) 0(35940.1) 0(35941.0) 0(35932.1) 0(35932.8) 0(35939.1) 0(35939.9) 0,0

27.4 27.3 27.1 26.9 25.5 25.8 25.5 256 p2

315 31.5 31.6 31.8 29.2 29.8 29.5 294 1t

456 (@) 455@) 45.6 (A 45.8 ()

485€) 46.9€) 48.6 €) 47.0 €) 39.6 40.6 39.8 394 B

53.7 ()

541€E) 532 541 53.2 50.0 50.4 46.4 46.0 p1

55.4 55.9 55.2 56.0 56.2 50.2 52.8 022

70.0 )

70.8€) 67.7 70.7 68.0 60.1 60.6 60.4 60.6 1

73.8 73.4 73.5 70.1 71.4 71.4 720 p2tfo2

80.6 79.8 80.7 80.4 76.2 75.5 76.0 758 p2+p1

96.2 92.9 96.3 93.3 99.4 98.5 99.6 99.0 p2tpf1
120.4 120.7 123.6 124.3 p2+ f1
168.3 167.4 167.7 167.4 168.0 166.6 168.1 167.1 fwist
176.6 172.2 176.0 171.3 174.4 170.3 174.1 169.7 o

an = 0-5. Relative uncertainty of the vibrational frequencies is 0.2%crhi(m) means deuteration in the methanol moiety; (p), deuteration in
the phenol moiety¢ Vibrational assignment according to the nomenclature of &oftal4 for the phenot-water system? Intramolecular vibration
localized in the phenol moiety.

Figure 5. Schematic displacement vectors of the librational mfge
and of the methyl torsional mode. The displacement vectors obtained
Figure 3. Structure of the phenelmethanol cluster and definitions  from a normal-mode analysis at the MP2/6-31G(d,p) level show the
of the axes of rotation and translation. displacements of the torsional motion as a torsion of the methanolic
OH group about the rigid frame of the methanol moiety.
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Figure 4. Hole-burning spectra of the torsional components of the Omfma angle )
phenot-methanol cluster (upper traces). The lower trace shows the Figure 6. Intermolecular_pote_ntlal energy surface as function of the
R2PI spectrum with the analyzed transitions marked by arrows. torsional angler and the librational anglg..

This geometry was confirmed not only for the rotational ment of the frequencies with the experimental values seems to
constants of the cluster but also for five intermolecular be very bad; therefore, we concentrated our efforts on the
parameters that describe the orientation of the monomer units.reproduction of the isotopic frequency shifts. Table 3 presents
Therefore, we attempted to assign the intermolecular vibrations the calculated vibrational frequencies for the five isotopomeric
on the basis of this calculation. Table 2 shows the calculated clusters, scaled on the frequencies of the undeuterated cluster.
intermolecular vibrational frequencies. At first sight, the agree- The calculated frequency shifts show good agreement with the
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TABLE 2: Calculated Intermolecular S; Vibrational is calculated to be 231 crh. Because of the fact that for the

Frequencies at the CIS//6-31G(d,p) Level of Theory three vibrationsfz, p1, and f1 the harmonic motion has
CIS//6-31G(d,p) considerable torsional components, another alternative assign-

mode do ch(m) ci(p) b 4 di(m) da(p) b ment for these three vibrations has to be considered. A least-

squares fit of all of the (scaled) intermolecular frequencies of
p2 388 386 386 384 361 360 360 358 4 isotopomers to the calculated isotopic shifts gave better
T 447 444 446 443 410 407 409 40.6 . . )
B2 743 697 742 695 644 612 643 61.1 agreement |ﬁ2 andﬁl are InterChanged. This result cannot be
o1 934 920 933 919 840 839 839 838 completely excluded, because each of these vibrations might
p1 1240 1229 1238 1227 1103 109.2 110.0 108.9 show considerable torsional splitting. Nevertheless, with this
o 1776 171.1 177.0 1704 1738 168.1 1732 167.4 assignment, thd, vibration, which had been calculated (in the
harmonic approximation) to be 124 ctpis observed at 45.6
experimental values given in parentheses in Table 3. On thecm1, Although large deviations due to anharmonicity are found
basis of this data, together with the results of the analysis of in these clusters, this difference seems rather large.

torsional components in the spectra, we made the assignments p. pispersed Fluorescence Spectra and Intermolecular

given in the last column of Table 1. Ground-State Vibrations. The mass-selective R2PI and spe-
The three lowest-frequency vibrations can be deduced from ¢jes-selective hole-burning experiments showed that four iso-

the rotation of the methanol moiety about its inertigp,, 27.4 topomers of phenelmethanol can easily be examined via

cm ), b (z, 31.5 cmt), anda (B2, 45.6 cnt) axes. Thes, dispersed fluorescence spectroscopy. Thed,, ds, and ds

vi.bration is split into its A and E torsional components (cf.  spectra consist of only one isotopomer and can therefore be
Figure 4) so that the band at 48.5 chmust be attributed to  excited selectively. Dispersed fluorescence spectda ahdds

the E torsional component of this vibration. In a previous together with a vibrational assignment have already been
publication? this band was assigned to thevibration, which — presented.Figure 7 shows the dispersed fluorescence spectrum
could be disproved by the present investigation. Similar splitting of d,-phenot-methanol obtained by pumping the electronic
can be observed for ttdy andd, isotopomers as well, although origin at 35 941.0 cmt (a), ds-phenol-methanol obtained by

in these cases the possibility that these isotopomers havegyciting the electronic origin at 35 932.1 cin(b), and thep,
different torsional components has not been proven by SHB. yjipration of d3-phenok-methanol at 0.0+ 25.5 cnt? (c). The

Because of the much smaller torsional constantsi{eto ds- fluorescence intensity of tha isotopomer is much weaker than
phenot-methanol, splitting is not observed for these isoto-  that ofds-phenot-methanol. The vibrational frequencies of the
pomers. dz> andds isotopomers together with thé andds frequencies

The next three intermolecular vibrations are of translational from publicatioft are compiled in Table 4. The frequencies of
parentage. The firsipf) is due to the lost translational degree  the additional measured isotopomeric clusters fit well into the
of freedom along thez-axis, which is perpendicular to the jsotopic pattern of thel, and ds isotopomers.
aromatic ring. Although the calculated frequency deviates  1ne yibrational frequencies for the electronic ground state
considerably from the experimental value, the transition at 53.7 ,5ve peen calculated at the MP2//6-31G(d,p) level of theory
cm™* (do) has been assigned to this vibration on the basis of 554 have been compared to frequencies calculated at the HF//
the isotopic shifts. This band shows a small splitting of 0.4tm 6-31G(d,p) level. The resulting vibrational frequencies are given
which can be attributed to the torsional A, E splitting. The , Taples 5 and 6. As for assignments made for thestSte
transition lat 55.4 crt fits to the overtone of the, vibration the assignment of the vibrational frequencies is based upon the
(27.4 cn1) and fits similarly well for the other isotopomers. — comparison to the scaled vibrational frequencieslbisotop-

The torsional splitting of this overtone is comparably small to  ;mers. The only severe deviation concerns faevibration
that of the fundamental and could not be resolved. which might be caused by strong coupling to the methyl torsion

The transition at 70 crt again shows torsional splitting,  gnd the resulting large anharmonicity.
which IS larger in this case (0.8 CH() The frequel_ncy pattern In contrast to that in the ;Sstate, the assignment of the
of th_e |soto|[)omer|s a”%WS thﬁ asSIgBment of th(ljsbbaflnd tohthe intermolecular vibrations in the ¢Sstate is identical to the
%/-axs ';rar?s atlonalmo dﬁﬁ’()- S ﬁs een argu? tra]ore., the - a3ssignment given in ref 5. As a matter of fact, the vibrational
orm of the normal mode is much more complex than just @ qq encies calculated at the HF level of theory are more
simple translational motion but shows a considerable amount accurate with respect to the absolute value, as well as to the

of methyl torsio.n, Which.explains thellarg.er splitting for this isotopic pattern, than are the MP2 frequencies. Regarding the
mode. In & previous publicatirthe/5, vibration was assigned 3¢t that the experimental geometry of the cluster can be
to a transition at 96 crt. , o reproduced well at MP2 level whereas HF as well as DFT

The band a_t 73.8 cm can be a53|g_ned to a combination band methods clearly fail;8 the reliability of structural determinations
P2+ ﬁz that fits equally well for_ all isotopomers, \{vhe_reas e fom the comparison of experimental vibrational frequencies
transition at 80.6 crmt g;an be attributed to the combination band . ihe results of ab initio-based normal-mode analysis must be
p2 T prand 96.2 cm, 10 p, + 1. _ doubted, at least for more complex cases.

The remaining stretching vibratiam can be assigned to the
transition at 176.6 cmt from the absolute calculated frequency V. Conclusions
as well as from the isotopic pattern. '

One transition at 168.3 cm remains, which could not be A vibrational assignment of the intermolecular vibrations of
assigned to an intermolecular vibration. This band shows the phenotmethanol cluster could be given for the electronic
virtually no isotopic shift, contrary to all other observed ground and first excited states by comparing the results of an
transitions. It therefore cannot be explained by a combination ab initio normal-mode analysis with the experimental frequen-
or overtone band, so we believe that this transition can be cies of five isotopically substituted pherahethanol clusters.
assigned to an intramolecular vibration. The only vibration in The 3, and 3, vibrations show a torsional splitting that is
this frequency range attributable to our calculations is the considerably larger than that for any other vibration. The
twisting motion of the phenyl ring. Its frequency in the cluster torsional components could be separated using hole-burning
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TABLE 3: Calculated S; Vibrational Frequencies for Five Isotopomers of Phenot-Methanol?

CIS//6-31G(d,p) scaled
mode do d]_(m) dl(p) dz ds d4(m) d4(p) ds
p2 274 27.3(27.3) 27.3(27.1) 27.1(26.9) 25.5 (25.5) 25.4 (25.8) 25.4 (25.5) 25.3 (25.6)
t 315  31.3(31.5) 31.4 (31.6) 31.2(31.8) 28.9(29.2) 28.7 (29.8) 28.8 (29.5) 28.6 (29.4)
B 456  42.8(45.5) 45.5 (45.6) 42.7 (45.8) 39.5 (39.6) 37.6 (40.6) 39.5 (39.8) 37.5 (39.4)
o1 540  53.2(53.2) 53.9 (54.1) 53.1 (53.2) 48.6 (50.0) 48.5 (50.4) 48.5 (46.4) 48.4 (46.0)
B 703  69.7 (67.7) 70.2 (70.7) 69.6 (68.0) 62.5 (60.1) 61.9 (60.6) 62.4 (60.4) 61.7 (60.6)
o 176.6  170.1(172.2) 176.0(176.0) 169.4(171.3) 172.8(174.4) 167.2(170.3) 172.2(174.1)  166.5 (169.7)

aV/alues have been scaled to the experimental frequencies of the undeuterated isotopomer, and the resulting scaling factors have been used to

correct the calculated frequencies from Table 2. Experimental values

Dispersed Fluorescence Spectra

dz-phenol-methanol 0,0

T T T
50 100 150 200
22

d,-phenol-methanol 0,0

T T
50 100 150

d,-phenol-methanol 0,0 + 25.5 cm™

T T
0 50

Figure 7. Dispersed fluorescence spectra afphenot-methanol
obtained by exciting the electronic origin (a), @ phenot-methanol
obtained by exciting the electronic origin (b), and of evibronic
band at 0.0+ 25.5 cm? (c). The DF spectrum af,-phenol-methanol
is recorded with an entrance slit width of 1@fh compared to that of
50 um for the d; isotopomer because of the much weaker signal.

T T T
100 150 200

TABLE 4: Relative Vibrational Frequencies of the
Electronic Ground State of dy-, d,-, d3-, and
ds-Phenol~Methanol

do? d; d3 ds? assignmerit
22 22 22 22 02
35 34 34 33 t
55 53 44 42 B2
65 65 64 64 1
91 90 90 A
162 162 161 155 g

a Frequencies afiy andds moieties are taken from ref 8 Vibrational
assignment according to the nomenclature of ‘8clat all* for the
phenot-water system.

spectroscopy with analysis of the A and E subbands ofsthe
vibration, which is split by 2.9 cm. The large splitting of this
vibration in comparison to the splitting of the origin (0.1t

are given in parentheses.

TABLE 5: Calculated Intermolecular Sq Vibrational
Frequencies at the HF//6-31G(d,p) Level of Theory

HF//6-31G(d,p)

mode do dl(m) dl(p) dx ds d4(m) d4(p) ds
02 17.3 171 172 170 16.0 159 159 158
T 30.2 30.1 301 299 281 279 279 278
op) 546 51.1 545 51.0 43.0 415 430 415
1 70.3 702 703 702 673 671 673 671
1 904 89.1 902 889 825 810 823 808
o 158.1 152.8 157.3 152.1 155.5 150.5 154.7 149.7
TABLE 6: Calculated Intermolecular Sq Vibrational
Frequencies at the MP2//6-31G(d,p) Level of Theory
MP2//6-31G(d,p)
mode do di(m) di(p) d2 ds  da(m) da(p) s
P2 380 377 379 376 360 358 359 358
T 60.3 603 60.1 60.1 555 555 553 555
P2 80.7 757 806 756 685 656 684 656
p1 1027 1025 102.7 1024 940 936 94.0 93.6
1 140.6 139.1 140.4 138.9 121.1 119.7 1209 119.7
o 199.1 1925 1985 191.8 194.6 189.0 194.0 189.0
TABLE 7: Calculated S, Vibrational Frequencies for Five
Isotopomers of Phenot-Methanol?
scaled

HF/MP, HF, MP2, HF, MP2, HF, MP2,
mode do dz dz d3 d3 d5 d5
02 22 215 21.7(22) 203 20.8(22) 20.0 20.7(22)
T 35 346 349(34) 326 32.2(34) 322 322(33)
B2 55 51.4 515(53) 43.3 46.7(44) 41.8 44.7(42)
o1 65 64.9 64.8(65) 62.2 59.5(64) 62.0 59.2(64)
B1 91 895 89.9 83.0 78.4(90) 81.3 77.5(90)
o 162 155.8 156.0 (162) 159.3 158.3 (161) 153.4 153.8 (155)

aValues have been scaled to the experimental frequencies of the
undeuterated isotopomer, and the resulting scaling factors have been
used to correct the calculated frequencies from Tables 5 and 6.
Experimental values are given in parentheses.

can be explained by the strong coupling of fhemode to the
methyl torsion in the Sstate.

Although the absolute vibrational frequencies at the CIS level
for the S state and at the MP2 level for thg Sate show large
deviations from the experimental values, assignments could be
made by utilizing both the isotopic pattern and the information
from the torsional splitting. Using the same level of theory and
the same basis set, we were able to reproduce the experimental
intermolecular geometry of the cluster quite well. Nevertheless,
the CIS method exhibits severe discrepancies concerning the
dispersive interaction between the methyl group and the aromatic
ring. The uncommonly high scaling factors for the vibrational
frequencies are probably caused by errors due to the harmonic
approximation. Deviations in the isotopic pattern point to
deficiencies in the description of the intermolecular potential
at the CIS level. Whereas the description of the electronic ground
state with a single determinant method leads to the wrong
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intermolecular geometry, the CIS method at least yields a
geometry that is in accordance with the experimental one.
Nevertheless, correct descriptions of the geometry and inter-
molecular potential can be expected only by using a perturbative
approach like CASPT2 (Table 7).
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