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The electronic origin transition of p-cyanophenol (4-hydroxy-benzonitrile) at 35547.46 cm�1 was examined
using rotationally resolved LIF spectroscopy. The experimentally determined inertial parameters are reported
and compared to the results of ab initio calculations. The S1-lifetime of p-cyanophenol is determined to be
10.6� 3 ns, considerably longer than the excited state lifetime of phenol (2.4 ns). This reduction of the rate of
internal conversion compared to phenol is explained by different electronic coupling matrix elements for the
internal conversion in phenol and p-cyanophenol. The barrier to internal rotation of the hydroxy group in the
ground states is determined from the observed splitting of the rovibronic lines to 1420� 20 cm�1. This barrier is
compared to values for the ground and first excited electronic state calculated by ab initio theory.

1 Introduction

The increasing acidity of substituted phenols upon electronic
excitation raises the question about the structural changes
accompanying the transition. The determination of these struc-
tural changes is an important tool for the interpretation of
excited state proton transfer (ESPT) in complexes of these
photoacids. In this publication we want to elucidate the rela-
tions between the electronic nature of the substituent and
molecular properties. Torsional barriers, bond lengths and
angles and acidity in different electronic states are of consider-
able interest with respect to potential photoacidity. The pKa

value of phenol is known to decrease from 9.82 to 6 upon elec-
tronic S1 S0 excitation. This increase in acidity was contrib-
uted to an electron shift from the hydroxy group into the
aromatic ring,1 although more recent theoretical studies point
out, that the role of the deprotonated phenolate anion is more
important than electronic effects in the protonated species.2

The pKa value of p-cyanophenol (4-hydroxy-benzonitrile,
PCP) has been determined to be 7.74 in the S0 state and 3.33
in the S1 state,

3 thus PCP is a stronger acid than phenol in both
electronic states. Furthermore the increase in acidity upon elec-
tronic excitation is larger in PCP. A widely used quantification
of the influence of the electronic nature of substituents on the
physical properties of aromatic molecules has been given by
Hammett.4,5 Recently, theoretical studies have been performed
to connect the pKa values of different aromatic acids or bases
with the nature of an additional substituent in the ring.6,7

A direct influence of the electronic nature of the substituent
in aromatic systems on the torsional frequency of the phenolic
hydroxy group has been determined by Fateley et al.8

The constitution of p-cyanophenol (for the atomic number-
ing of PCP see Fig. 1) can be derived from the structures of
phenol and of benzonitrile, which both have been studied
extensively by high resolution spectroscopy in the gas phase.
Phenol itself is well studied in the ground and electronically

excited state. A full substitution structure of the ground state
was derived by Larsen et al.9,10 The electronically excited state
was examined by Martinez et al.11 and Berden et al.12 using

LIF spectroscopy. Recently a partial substitution structure
for the electronically excited state of phenol has been given
by our group.13 The analysis showed an expansion of the aro-
matic ring upon electronic excitation and an increase of the
OH bond length of about 2 pm, reflecting the increased acidity
in the S1-state.
The S1 S0 origin transition of phenol is a superposition of

two bands split by 56 MHz,12 originating from different tor-
sional substates, which are due to the internal rotation of the
hydroxy group. The barriers to internal rotation could be
determined to be 1215� 10 cm�1 in the electronic ground state
and 4710� 30 cm�1 in the first electronically excited state.
Within the spectral resolution of these experiments phenol
has to be described by the molecular symmetry group G4 .
The vibronic ground state of benzonitrile has been studied

by microwave spectroscopy,14,15 and its ground state and first
excited electronic state by high resolution laser spectro-
scopy.16,17 The molecule has been found to be of C2v symmetry
in both electronic states, i.e. with a linear C–C==N minimum
configuration. The structure of PCP was calculated at the
HF and MP2 levels of theory, and an ab initio normal mode
analysis was compared to experimental IR frequencies.18

Recently, laser induced dispersed fluorescence spectra of
PCP and a comparison of experimental vibrational frequencies
to ab initio calculated normal mode frequencies were reported
by Roth et al.19 So far, no high resolution studies of gas phase
p-cyanophenol have been published. We herein report the
results of rotationally resolved laser spectroscopy of the
S1 S0 vibronic origin transition. Although the determination
of just one set of rotational constants is of course not sufficient
for a complete geometry determination, these data can be used
as additional boundary conditions in fits of the Franck–
Condon intensity patterns, which is an alternative approach
to determine excited-state structures.20

y Present address: University of North Carolina, Department of
Chemistry, Chapel Hill, NC 27599, USA.

Fig. 1 The structures and atomic numbering of p-cyanophenol.
Experimental and theoretical geometric parameters for both electronic
states are given in Table 2.
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2 Experimental setup and computational details

The experimental setup for high resolution LIF is described in
detail elsewhere.21 Briefly, it consists of a ring dye laser (Coher-
ent 899-21), which is pumped with 6 W of the 514 nm line of an
Ar+-ion laser (Coherent Innova 100). This light is coupled into
an external folded ring cavity (LAS WaveTrain)22 for second
harmonic generation (SHG). Typical UV powers are 2–10
mW. The molecular beam machine consists of three differen-
tially pumped vacuum chambers that are linearly connected
by skimmers. The expansion chamber is evacuated by a 8000
l s�1 oil diffusion pump (Leybold DI 8000), which is backed
by a 250 m3 h�1 roots blower pump (Saskia RPS 250) and a
65 m3 h�1 rotary pump (Leybold D65B). The second chamber
serves as buffer chamber and is pumped by a 400 l s�1 turbo-
molecular pump (Leybold Turbovac 361), backed by a 40 m3

h�1 rotary pump (Leybold D40B), maintaining a chamber
pressure below 1� 10�5 mbar. The third chamber is pumped
by a 145 l s�1 turbo-molecular pump (Leybold Turbovac
151) through a liquid nitrogen trap and backed by a 16 m3

h�1 rotary pump (Leybold D16B) resulting in a vacuum better
than 1� 10�6 mbar. The molecular beam is crossed at right
angles with the laser beam 360 mm downstream of the nozzle.
The laser induced fluorescence is collected perpendicular to the
plane defined by laser and molecular beam by an imaging
optics setup consisting of a concave mirror and two plano-
convex lenses.
PCP was purchased from Fluka (>97%). The sample was

heated to 200 �C, seeded in Argon and expanded through a
150 mm nozzle at a backing pressure of 600 mbar.
The ab initio calculations have been performed using the

Gaussian 98 program package.23 The SCF convergence criter-
ion used for our calculations was an energy change below 10�8

Eh , while the convergence criterion for the gradient optimiza-
tion of the molecular geometry was @E/@r< 1.5� 10�5 Eha

�1
0

and @E/@j< 1.5� 10�5 Eh/
�, respectively. A normal mode

analysis has been performed utilizing the analytical second
derivatives of the potential energy surface.

3 Results and discussion

The LIF spectrum of the electronic origin of PCP along with
part of the simulation is shown in Fig. 2.
In the high resolution laser induced fluorescence spectrum of

the electronic origin of PCP 89 single rovibronic lines are
assigned. They are fit by an asymmetric rigid rotor Hamilto-
nian, using a rotational temperature of 4.0 K, and b-type selec-
tion rules. PCP is a near prolate symmetric top in the S0 and S1
states, with k0 ¼ �0.9378 and k1 ¼ �0.9305, respectively. The
molecule is planar in both electronic states, as can be derived
from the inertial defects, namely �0.078 u Å2 in the ground
state and �0.274 u Å2 in the electronically excited state. The
experimental inertial parameters are given in Table 1, along
with results from ab initio calculations performed with the
Gaussian 98 program package.23

3.1 Determination of the structure

A comparison of the experimentally determined rotational
constants for the S0 and S1 states with the results of ab initio
calculations (Table 1) shows very good agreement. The ground
state rotational constants are reproduced to within less than
2%, even for SCF calculations with moderate basis sets. The
rotational constants of the electronically excited state have
been calculated at the CIS/6-311++G(d,p) level with absolute
deviations around 1–2%, and at the CAS(10,9)/6-31G(d,p)
level with differences of less than 1.5%. Even the changes of
the rotational constants upon electronic excitation are in

accordance with the changes calculated at the SCF level
(HF//CIS).
In order to deduce the structure changes upon electronic

excitation from the experimental rotational constants, several
assumptions have to be made concerning the model. The deter-
mination of a molecular structure from a fit of structural
parameters to experimental rotational constants is not
straightforward due to the nonlinear relation between the
structural parameters and the inertial constants. In a recent
publication, we described a computer program, capable of fit-
ting a structure to rotational constants using different molecu-
lar models and different structure definitions13 and its test on
the structure of phenol, using a set of rotational constants
from twelve different isotopomers.
Helm et al.16 and later Borst et al.17 reported the rotational

constants of benzonitrile for the electronically excited state.
Both studies relied on ground state rotational constants from
MW studies.14,15 With the slightly more accurate inertial para-
meters of Borst et al., we calculated a model structure for both
electronic states, using our newly developed program pKrFit.13

The obtained structural change of benzonitrile upon electronic
excitation will be utilized in the following in order to deter-
mine structural changes upon electronic excitation of PCP.
The utilization of only two rotational constants (due to the
planarity of the system the third constant is linearly dependent
on these two), for the determination of a molecule with 33
degrees of freedom, demands a very restricted model, of
course. Helm et al.16 set the interatomic distances and angles
in the aromatic ring equal to the respective values of benzene.
The C–N bond length was set to the value in HCN, whereas
the distance of the center of mass (COM) to the C7-atom
was fit.

Fig. 2 High resolution electronic spectrum of p-cyanophenol. The
origin frequency (0 on the figure abscissa) is at 35547.46(1) cm�1.
The uppermost trace shows the experimental spectrum, whereas the
lower traces show an expanded portion of the experimental trace
and the corresponding part of the simulation.
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We use a slightly different model, which is described in the
following. All C–C bond lengths in the aromatic ring are set
equal and are fit. The C4–C7 distance is fit as well, whereas
the C7–N bond length is fixed to 115.6 pm, as determined in
a MW study of benzonitrile.14 The C–H bond lengths in the
electronic ground state have been fixed to 108.1 pm, the experi-
mentally determined MW value, and to 107.2 pm in the
electronically excited state, reflecting the average bond short-
ening upon excitation, as found in benzene.27 All
C–C–C angles in the aromatic ring have been set to 120�.
Within this model, we obtained for the ground state (excited
state) an average C–C bond length in the aromatic ring of
140.148(3) pm (142.80(2) pm) and a C4–C7 distance of
141.98(2) pm (143.07(2) pm). Of course, these uncertainties
reflect only the propagated uncertainties of the rotational con-
stants, and do not contain errors of the model.
The geometry changes in phenol upon electronic excitation

have been determined from the rotational constants of twelve
isotopomers.13 In order to compare the geometry changes in
phenol and PCP we will take the r0-geometry parameters of
phenol, which depend considerably on the isotopomer. Never-
theless, due to a lack of sufficient experimental parameters, this
is the only value we can get for PCP. Since we use the same iso-
topically (un)substituted molecules this should not be a pro-
blem. In phenol the aromatic ring expands upon electronic
excitation. The average C–C bond length in the phenol ring
increases from 139.4 to 143.9 pm upon electronic excitation.
The C–O bond length decreases from 136.8 to 132.6 pm,
whereas the O–H bond length increases from 96.2 to 99.2 pm.
With only one set of rotational constants for the PCP mole-

cule, the model for the geometry to be fit has to be restricted
considerably. We employed two different models, which are
given in Table 2 and will be defined in the following. These
two models present only an arbitrary selection of several
models, which all suffer from discrepancies due to the limited
number of parameters. The choice of especially these two
models is guided by chemical reasoning.
In model I, the mean C–C bond length has been set to the

experimentally determined phenol value. The C4–C7 and C7–N
distances in both electronic states have been set to the experi-
mental values of benzonitrile. With these starting values, the
C–O bond length and the O–H bond length of PCP have been
fit in both electronic states. Whereas the C–O bond length
decreases from 137.49 to 131.9 pm, the O–H bond expands
from 99.3 to 111 pm. Of course, this large increase in O–H

bond length is partially an artifact due to the oversimplified
model geometry, e.g. the assumption of a constant C7–N dis-
tance in the nitrile group upon electronic excitation is a very
rough approximation.
Model II is based mainly on the ab initio values from ref. 19

which are given in the last column of Table 2 for comparison.
Using an average value for all aromatic C–C bond length as in
model I did not result in a satisfactory fit of the rotational con-
stants. The only way to obtain a numerically stable fit with a w2

comparable to the fit using model I is the assumption of differ-
ent C–C bond length in the aromatic ring. Therefore we
defined two different bond length parameters. One for the
bonds C1–C2 , C3–C4 , C4–C5 , C6–C1 and one for the bonds
C2–C3 and C5–C6 . Using this model, we obtained a fit of equal
quality as in model I. The C–C bond lengths in the aromatic
ring, which are nearly the same in the electronic ground state,
tend to differ considerably upon electronic excitation. The
‘‘para ’’ bonds are considerably shorter than all other C–C
bonds in electronically excited aromatics. This is in contrast
to our findings for the excited state structure of phenol,13

where the experimental results could be explained using an
average bond length for the aromatic ring. Thus, it seems, that
the model of an quinoidal distortion of the aromatic ring upon
electronic excitation is valid for p-disubstituted aromatics, as
has been shown before by Cvitaš et al. and Christoffersen
et al. but has a limited significance for monosubstituted
aromatics.28–30

3.2 S1-state lifetime

Single rovibronic lines in the electronic origin of PCP exhibit
lineshapes of split Voigt lines with common Gaussian and Lor-
entzian contributions to the full width at half maximum of
wG ¼ 20 MHz (determined from an analysis of the (unsplit)
bands of benzonitrile obtained at the same experimental condi-
tions) and wL ¼ 15� 5 MHz, respectively and a splitting of the
two Voigt lines of 20� 2 MHz. The splitting, which is due to
the internal rotation of the hydroxy group will be handled in
the next paragraph. The Lorentzian linewidth, the frequency
of the lower energy band, the splitting of the two subbands,
the total area, and the baseline have been fit simultaneously
to the experimental lineshape of ten rovibronic lines, using
the Levenberg–Marquardt algorithm.31,32 In these fits spin sta-
tistical weights of 10 : 6 or 6 : 10, respectively (cf. next para-
graph), and the Gaussian linewidth were fixed. The lineshape

Table 1 Molecular constants of p-cyanophenol in its S0 and S1 states from high resolution spectroscopy and ab initio calculations.23 One standard

deviation for the experimental values in parentheses are shown in units of last digit. Calculated ground state constants are given for Hartree–Fock

and MP2 calculations for 6-311G(d,p) and 6-311++G(d,p) basis sets. Reported changes of the calculated rotational constants upon electronic exci-

tation are obtained from the differences between HF and CIS calculations for these basis sets. CASSCF calculations at the 6-31G(d,p) basis set are

given for the ground and excited states. Theoretical transition frequencies are obtained from the HF/CIS and the CASSCF calculations, respec-

tively, and are corrected for vibrational zero-point effects

Parameters Experiment

HF/6-311G(d,p)

and HF//CIS/

6-311G(d,p) MP2/6-311G(d,p)

HF/6-311++G(d,p)

and HF//CIS/

6-311++G(d,p)

MP2/

6-311++G(d,p)

CAS(10/9)/

6-31G(d,p) (S0 (S1)
a

A00/MHz 5611.7 (1) 5718 5605 5714 5597 5646

B00/MHz 990.1 (1) 1004 982 1004 982 991

C00/MHz 841.7 (1) 854 836 854 835 843

k00 �0.9378 (1)

DI00/u Å2 �0.078 (5)

A0 �A00 (MHz) �305.86 (59) �340 �344 �291
B0 �B00 (MHz) 0.18 (5) +3 +5 �15
C 0 �C00 (MHz) �6.82 (3) �12 �5 �17
k0 �0.9305(1)
DI0/u Å2 �0.274 (7)

n0/cm
�1 35547.46(1) 45 829 44 932 36 438

a These calculations are from ref. 19.
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fits of two selected transitions are shown in Fig. 3. The central
part of the spectrum was taken with a very low scan speed and
a high sampling rate in order to improve the signal to noise
ratio for the lineshape fit. In these scans the absolute frequency
is not well determined and these data cannot be used for the
evaluation of the inertial constants.
Averaging the obtained Lorentzian linewidths yields an

excited state lifetime of 10.6� 3 ns. This is considerably longer
than the lifetime of bare phenol (2.4 ns), but shorter than the
fluorescence lifetime of benzonitrile of 20 ns.17 It suggests that
the determining factor for the lifetime of PCP is the presence of
the phenolic OH group. The short excited state lifetime of phe-
nol was attributed to a rapid internal conversion (IC), with the
ground state OH stretching vibration as promoter mode.24 The
first quantum of the OH-stretching mode in phenol is observed
at 3656 cm�1.25 The first, second, and third overtones are
found at 7143, 10 461, and 13 612 cm�1, respectively.26 For
PCP the nOH stretching vibration was observed at a lower fre-
quency of 3580 cm�1.18 For phenol a linear interpolation of

the frequencies of the vibrational overtones to the electronic
excitation energy leads to the conclusion, that at least ten
quanta of the stretching vibration are needed to match the
vibrationless S1 state. The OH-stretching vibrational frequency
in PCP is only 76 cm�1 lower in energy. Therefore, at the
energy of the vibrationless S1 the difference amounts to less
than 1000 cm�1. Thus, in phenol and PCP the same number
of quanta of the promoter mode is needed to match the energy
of the electronic origin. Assuming the same density of states
for the (dark) acceptor modes, the only reason for different
lifetimes in phenol and PCP must be the different electronic
coupling matrix element for the IC.

3.3 Barriers to internal rotation

The barrier to internal rotation of the hydroxy group can be
utilized as a probe of the electronic properties of the aromatic
compound. The experimentally determined torsional barrier of
phenol amounts to 1215� 10 cm�1 in the electronic ground
state and to 4710� 30 cm�1 in the electronically excited S1
state.12 The lineshape of all rovibronic lines in PCP are unsym-
metric due to an unresolved splitting from the internal rotation
of the hydroxy group, like in phenol. The fit of the lineshape of
ten individual line-doublets resulted in a value for the splitting
of 20� 2 MHz. In the lineshape fit, the spin statistical weights
were fixed to the theoretical value of 10 : 6 for Ka even : odd of
the s ¼ 0 subtorsional component and to 6 : 10 for the s ¼ 1
subtorsional component. The Doppler width was fixed at
20 MHz, vide supra.
To determine the barrier to internal rotation we assume that

the excited state does not contribute to the line-splitting. This
is justified because the torsional barrier in the excited state
should be on the order 5000 cm�1 by comparison with phenol,
leading to a splitting of the subtorsional states of 1.8� 10�9

cm�1 (53 Hz) with a value of the torsional constant F of 690
GHz as determined for phenol.12 This value is reasonable here
since the geometry of the hydroxy group does not change con-
siderably upon substitution in para-position. Thus from an
observed line splitting of 20� 2 MHz a ground state barrier
of 1420� 20 cm�1 can be calculated, 17% higher than for phe-
nol. Using this barrier the v ¼ 1 v ¼ 0 torsional transition is
calculated to be 339 cm�1. Binev18 reports an experimental

Table 2 Experimental r0 geometry parameters and ab initio calculated re geometry parameters of benzonitrile, phenol and PCP. The experimental

parameters are obtained from a fit of the geometry to the experimental inertial parameters. See text for details concerning the different models. MP2

and CIS results are given for the 6-311++G(d,p) basis, CASSCF calculations for the 6-31G(d,p) basis set

Benzonitrile Phenol

PCP

(Model I) (model II)
MP2 CIS

CASSCF19

S0 S1 S0 S1 S0 S1 S0 S1 S0 S1 S0 S1

hCarCaria 140.1 142.8 139.4 143.9 139.4 143.9 — — 140.0 141.3 139.6 143.2

C1C2 — — — — — — 140.1 144.5 140.0 139.9 139.6 142.4

C2C3 — — — — — — 139.4 137.5 139.5 138.0 139.1 143.1

C4C7 142.0 143.1 — — 142.0 143.1 144.3 142.3 143.4 140.0 144.3 142.3

C7N 115.6 115.6 — — 115.6 115.6 114.6 115.1 117.7 114.7 114.6 115.1

C1O — — 136.8 132.6 137.5 131.9 135.0 134.8 136.1 133.1 135.0 134.8

OH — — 96.2 99.2 99.3 111.0 94.3 97.0 96.2 94.3 94.3 94.3

CarH 108.1 107.2 107.9 107.1 108.1 107.2 107.5 107.2 108.6 107.3 107.5 107.2

CarCarCar 120 120 120 120 120 120 120 120

CarCarH 120 120 120 120 120 120 120 120

C3C4C7 120 120 — — 120 120 120 120

C4C7N 180 180 — — 180 180 180 180

C2C1O — — 123.2 119.8 120 120 120 120

C1OH — — 107.8 107.5 107 107 107 107

hobs� calcib — — — — 0.04 0.19 0.04 0.19

w2 — — — — 0.52 58.3 0.52 58.3

a Average C–C bond length in the aromatic ring. b Average experimental� calculated rotational constants in MHz.

Fig. 3 Lineshape fits of two selected rovibronic lines in the electronic
origin of PCP. The dotted traces show the results of a fit of two Voigt
profiles to the lineshape of the transitions, the dash dotted lines show
the individual Voigt profiles. The lowest trace gives the residues of the
fit. For details see text.
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value of 295 cm�1, obtained from a solid sample of PCP in CsI.
The torsional frequency of PCP in a cyclohexane solution is
reported to be 343 cm�1,8 in very good agreement with the
value predicted from our torsional splitting. Indeed, torsional
frequencies of para substituted phenols are known to differ
only slightly between gas phase and unpolar solutions.8

Table 3 gives the experimentally determined barrier to inter-
nal rotation together with the ab initio calculated barrier
heights of phenol and PCP. The ground state barrier of phenol
is underestimated by 21% at the MP2/6-311++G(d,p) level.
Nevertheless the comparison of the calculated barriers at this
level of theory shows a higher ground state barrier for PCP
than for phenol of about 21%. The calculated values, at the
CIS level, for the excited state barrier of phenol are too small
compared to experiment. Nevertheless they show a consider-
able increase of the barrier to internal rotation upon electronic
excitation in phenol. The calculated barriers for PCP are very
similar, confirming the assumption of a high barrier in the
excited state of PCP used above.
If we assume that valence-bond structures as shown in Fig. 4

represent an important contribution to the reasons for the tor-
sional barrier in phenol, the increased barrier in PCP can be
explained by a additional delocalization of the partial negative
charge. Because the conjugation between the oxygen lone pairs
and the aromatic ring is weaker for the torsional transition
state than for the ground state, the stabilization of the transi-
tion state is smaller than in the ground state. Additional reso-
nance structures for PCP compared to phenol explain the
higher torsional barrier. Equally, this mesomeric effect also
stabilizes the p-cyanophenolate anion and is the reason for
the increased acidity.

Conclusions

The analysis of the rovibronic spectrum of PCP yields rota-
tional constants for both electronic states, which allow us to
obtain structural parameters for both states and to examine
changes upon electronic excitation. Within the model
employed, we found an increase of the O–H bond length. This
O–H bond stretching is accompanied by a decrease of the C–O
bond length, as found in phenol. From our analysis of the iner-
tial parameters, the O–H distance of PCP in comparison to
phenol was found to be increased in both electronic states,
although our restricted geometry model imposes caution in
the interpretation of such small effects. Nevertheless, these
OH bond lengths comparisons agree with the increased acidity
of PCP compared to phenol and the larger increase of acidity
upon excitation. The aromatic ring appears to expand in a qui-
noidal manner upon electronic excitation, due to the electronic
effects of the two para substituents.
The barrier to internal rotation of the hydroxy group was

determined to be 1420 cm�1 in the S0 state, which is about
17% higher than the corresponding value in phenol. Both,
the structural changes, as well as the experimental and theore-
tical barriers to internal rotation in the S0 and S1-state are in
agreement with the increased acidity in both electronic states.
High resolution electronic spectroscopy can thus be utilized
to investigate electronic effects of substituents on different
molecular properties. Investigation of a series of appropriate
molecules as underway in our laboratory should allow to
quantify relations between the properties of functional groups,
like bond length, bond strength, torsional barriers etc., and
molecular properties of the overall molecule, like acidity etc.
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