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Mass-analyzed threshold ionization (MATI) spectroscopy in conjunction with two-color resonant two-photon
excitation was used to investigate the ionic properties of the selected rotamers of hydroquinone (HYQ) and
p-dimethoxybenzene (PDMB). The observed lower adiabatic ionization energy for the trans conformer is in
good agreement with that predicted by ab initio and density functional calculations. With the exception of
mode 6a of PDMB, the frequencies of the observed cation vibrations are close to each other for the two
rotamers. Detailed analyses on the atomic displacement based on ab initio calculations show that the vibrational
frequency of each mode can reflect the extent of the OH and {30bsktitutents’ involvement in the overall
molecular motions. The present experiments also demonstrate that a particular conformer can be selected
from a chemical sample for recording the vibrational spectra of the cations. In principle, this method can be
used not only for species identification but also for separation of molecular conformers.

1. Introduction (CASSCF) calculations. They have concluded that there is only
one stable structure of the catechol cation. However, there are

It is known that molecules with the same mass may have : . ; .
. . . Y NAVE 16 rotational isomers each for the resorcinol and hydroquinone
several stable structural isomers, which possess diverse reactivity

A ) - cations.
in biochemical processé2.For example, there are three isomers

: . ; The structure and vibrations of the rotamers of hydroguinone
of dihydroxybenzene: catechol (1,2-dihydroxybenzene), resor- - .
cinol y(1,3-)c/iihydroxybenzene), (and h);/droc)(uinone ()1,4-di- (HYQ) and p-dimethoxybenzene (PDMB) in the ground and

hydroxybenzene). Some of these structural isomers may haVelowest electronically excited states have been extensively

f i —9,12-15 i
different rotational conformers, which have different photo- investigated: Thg rgsults show that the planar cis andl
chemical properties. Since these rotamers may coexist in atrans forms (hereafter, it is assumed that the methyl groups in

chemical sample, the identification and isolation of a particular PDMB are points for discussion throughout this paper) of these

species can be quite challenging. The laser spectroscopictwo molecules coexist in thep&nd S states. The argument

methods in conjunction with a supersonic expansion techniquefor the coexistence of the two conforme_rs IS on account of (1)
can be used to yield discrete spectral featéfince the origins the observatlo_n of two series of bands in the vibronic spectra,
of the electronic transitions of the various conformers may differ (2) the experimental results from one-photon resonant wo-
by only a few tens to a few hundreds of wavenumbers, the photon and Mo-photon resonant four-photon laser spectroscopy,
resulting vibronic features of the isomeric species may overlap ®) tne fflndmgs _fr_(:_m holle-lbltj_rnlng spectroscopy, and (4) the
in a common spectral regidThe confirmation of the existence results from ab nitio calculations.

of conformers generally requires other complimentary methods . " Principle, the ionization threshold of each molecular species
in addition to the typical laser induced fluorescence (LIF) or IS Unique, provided that it can be measured with a high-precision
resonance-enhanced multiphoton ionization (REMPI) ap- method!®1’ The IEs of the cis and trans rotamers of HYQ and

proaches. PDMB were measured by using two-color resonant two-photon

It has been demonstrated that the combined REMPI, spectrali©Nization (2C-R2PI) spectroscopit Since this method is
hole-burning experimental data and ab initio calculations can SUPject to the detection of the nonenergy-selected direct ions,

give a persuasive conclusion for the existence of the rotafners. ili_generallyéeads to "’ll(n unc;zrtainty oﬁ_aéev;ée;slwivenﬁwgers.
The results show that only one conformer of catechol is imura and CO-wOrkers have applie | thresho
dominant whereas two isomers of resorcinol contribute to the photoeleptron spectroscopy to measure the g@abatlc IES of the
recorded spectra under molecular beam conditions. In addition, WO rotational isomers of PDMB in high precisiéhRecently,
these methods also offer information about the structures andGe_rharqu et al. applied MATI spectroscopy and obtained precise
vibrations of molecular species in the &d S states. Gerhards, _?_dlar?agc IESf of thke pla}ngr C|shand_btrar_13 rc:tamers of 'jYQ'

et al. have applied mass analyzed threshold ionization (MATI) %t e best of our fnﬁwe ge, the V'f rationa Zpectra and many
spectroscopy to record the vibrational spectra of the three ©ther properties of the rotamers of HYQ and PDMB cations
structural isomers of dihydroxybenzeHe The experimental are still not available in the literature and need to be explored.
results were satisfactorily supported by the density functional " this paper, we report the threshold ion spectra of the

theory (DFT) and complete active space self-consistent field Sélected rotamers of HYQ and PDMB by using the MATI
technique. The selection was done by fixing the frequency of

* Corresponding author. Tel: (886)2-23668236. Fax: (886)2-23620200. the excitation laser to a particular vibronic transition of the
E-mail: wbt@sinica.edu.tw. chosen species for successive excitation/ionization. To examine
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whether a significant change in molecular geometry during the spectra. As the detected ion signal is proportional to the photon
electronic transition, several vibronic states were used as theintensities of the excitation and ionization lasers for a two-color
intermediate levels for recording the MATI spectfa?! The two-photon process, the obtained optical spectra were normal-
experimental results yield precise adiabatic IEs of the rotamersized to the laser power in order to avoid spurious signals due
and vibrational features of the corresponding cations. They to shot-to-shot laser fluctuation.

provide information about the relative stabilities of the rotamers 2.2, Computational SectionAb initio and density functional

in the cationic and neutral ground states, which can be comparedtheory (DFT) calculations were performed using the GAUSS-
with those predicted by ab initio and DFT calculations. We have |AN 98 program packag& The restricted and unrestricted
also performed theoretical calculations to compute the energiesHartree-Fock (HF) and DFT methods using various basis sets
of the associated transition state species, leading to the barriersvere performed for predicting the structure parameters, total
to the rotation of the OH and OGHsubstitutuents in theS energies, and vibrational frequencies. The |IE was obtained as
S, and cationic ground states. The results, which give the cis- the difference in the ZPLs of the cation and the corresponding
trans isomerization energy, can be used to evaluate the feasibilityneutral in the ground state. It has been reported that the IE can
of the species separation from a chemical sample. In addition, be computed by using the Gaussian-2 (G-2) and DFT methods
investigations on the frequencies of each mode of different to a reasonable accuragyAlthough the G-2 calculations may
rotamers can reflect the extent of the OH and Q6tibstitutents  provide more accurate results, they are quite costly for a medium

involved in the overall vibrations of the cations. size molecule like PDMB. Therefore, we have performed the
HF and DFT calculations with various basis sets for predicting
2. Experimental and Computational Details the IEs. It was found that the DFT method yields better results

than the HF method. Only the results from the Becke three-
parameter functional with the PW91 correlation functional
e(B3PW91) calculations are presented in this paper. Furthermore,
recent advances in computational techniques have enabled us
to predict the electronic excitation energy with reasonably good

2.1. Experimental SectionThe experiments reported in this
paper were performed with a laser-based TOF mass spectromet
as described in our previous publicat@#3HYQ (99% purity)
and PDMB (99% purity) were purchased from Aldrich Corpora-

tion and used without further purification. The solid sample was accuracy? 25 The time-dependent B3PW91 functional method

hegted to péO\élo_Ietsutflﬂuent vaportsr,], see(rj]ed |nt|o 2 dbar |°f heI_|tuhm, with the 6-31G** basis set was used to calculate the exited state
and expanded Into the vacuum through a puised vaive wi aenergy for obtaining the electronic transition energy for these
0.15 mm diameter orifice. The molecular beam was collimated species

by. a S"'m”.‘er located 15. mm downstream from'the nozzle Since the calculations for obtaining fundamental vibrational
orifice. During the experiments, the gas expansion and the . . . .
oo - S frequencies are on the basis of the harmonic oscillator model,
ionization regions were maintained at a pressure of about 1 the obtained values need to be scaled by an aporopriate value
102 and 1x 1075 Pa, respectively. X ed by ppropr

Th | ' h itation/ionizati to correct approximately for the combined errors stemming from

e two-color resonant two-photon excitation/ionization - e e incompleteness and neglect of electron correlation and

process was initiated by utilizing two independent tunable UV i aionq anharmonicity? The magnitude of the scaling factor
laser systems controlled by a pulse delay generator (Stanforddepends on (1) the molecular system, (2) the electronic state,

ﬁgi?igh Syste?sa DGl 535). The exgitati%ncsog/rsgl_iss.a(3) the computational method, and (4) the basis set. It was found
Rh. dami pgg(])p%m ggo ase(zjr 62%”(?”& @r/] band -iﬁm3 ~2» that the vibrational frequencies at the unrestricted HF/6-31G*
odamin ’ ’ » an yes) with bandwidi. calcuations scaled by 0.93 match very well with the experimental

81}_1' J.-h(.a vis_i[pr:e _rad_iati(_)n ia\f/rtlaquenclr_y d%LébIelghto_Er%duce values for the two conformers of HYQ in the cationic ground
radiation. The ionization aser (Lambda-Physik, Scan- state. In a similar fashion, a scaling factor of 0.95 was found to

mateUV with BBG-IlI crystal; DCM and LDS 698, 7_22’ and be suitable for the PDMB cations. To predict the vibrational
765 dyes) was pumped by a frequency-doubled Nd:YAG laser frequencies of the conformers of HYQ and PDMB in the
(Ql_JanteI, Bnl_hant B)._The wavelengths of both dye lasers were electronically excited Sstate, the configuration interaction
calibrated using a Fizeau-type wavemeter (New Focus 7711). 165 (C1S) method was applied with the 6-31G* basis set. It
The respective UV laser outputs were monitored with tWo o< nd that the calculated values scaled by 0.90 are very

separated photodiodes and fed into a transient digitizer (LeCroy ;<o 1o those obtained from the R2PI experiméatd
LT224). The two counter-propagating laser beams were focused '

and intersected perpendicularly with the skimmed molecular
beam at 50 mm downstream from the nozzle orifice.

In the MATI experiments, both the prompt ions and the 3.1. MATI Spectra of HYQ. It has been reported that the
Rydberg neutrals were formed simultaneously in the laser andvibronic bands of HYQ appear in two series built on 33 535
molecular beam interaction zone. A pulsed electric field-af and 33 500 cm?, corresponding to the origins of the planar cis
V/cm (duration= 10 us) was switched on-0.74 us after the and trans rotamers, respectivéff.142829 |n general, the signal
occurrence of the laser pulses to reject the prompt ions. After resulting from the direct ions is more intense than that from
a time delay 0f~9.60us, a second pulsed electric field 6200 the threshold ion& As a common practice, we carry out the
V/cm (duration= 10us) was applied to field-ionize the Rydberg 2C—R2PI experiments to locate the ionization threshold of the
neutrals. These threshold ions were then accelerated and passesklected species before applying MATI spectroscopy for record-
a 1.0 m field-free region before being detected by a dual-stackeding the threshold ion spectra. Figure-dadisplays the MATI
microchannel plate particle detector. The ion signal from the spectra otis-HYQ recorded by ionizing via the’@ibrationless,
detector was collected and analyzed by a multichannel scaler6a (33969 cm?), and I (34355 cm?) vibrational levels in
(Stanford Research Systems, SR430). The multichannel scalethe S state. Since the MATI technique involves ionization of
and the transient digitizer were interfaced to a personal molecules in highm Rydberg states by a small delayed pulsed
computer. Mass spectra were accumulated at 1.2 epacing field, it results in a sharp peak for the ionization thresh8id.
for 300 laser shots. Composite optical spectra of intensity versusThe leftmost bands in the spectra rise from the transition to
wavelength were then constructed from the individual mass form the vibrationless cations. If the uncertainty in the laser

3. Results
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TABLE 1: Observed bands in the MATI Spectra of the
Planar cis and trans Rotamers of HYQ and Possible
10° (a) Assignments
cis trans
. . assignment and
! level in S state level in gstate approximate
r‘ o 6a 1' caled ® 6a 1! calcd description
‘ 15" . 365 367 367 15 8CO
fi 6a 1 9a 439 433 9B, CO
T O U S 456 454 460 459 460 458 460 BACCC
‘ : : : : 724 723 12, fCCC
. 834 815 838 836 837 837 8371, Dreathing
g‘ 6a (b) 875 889 882 860 17byCH
g 909 905 68 fCCC
< 1055 1110 18 SCH; BOH
o 1174 1173 1172 1173 1175 1170 1218 LBCH
E l 1292 1338 1294 1361 13»CO
<
© o° H TR 13! aThe experimental values are shifts from 64051 and 63998'cm
2 W 6a for the planar cis and trans rotamers of HYQ, respectively, whereas
JL " };MJMJAWMJW.;“ the calculated ones (scaled by 0.93) are obtained from the unrestricted
4 . . : : HF/6-31G* calculations», 8, and y represent stretching, in-plane
1" © bending, and out-of-plane bending vibrations, respectively.
1
1 1 %a o° (a)
0° 15 12! 17b 18b'|
| i i ‘ 1 T )
DMt S
. . . . 6a 1 !
: 9b' %a
0 400 800 1200 1600 ‘ \ { | |
Ion internal energy / em’ LV S NS,
Figure 1. MATI spectra ofcissHYQ, recorded by ionizing via the ,
(a) S0° (b) S64, and (c) $1t intermediate states. 2 6'3 (b)
w
. . =
photon energy and the spectral width were taken into account, *3 “
the field-corrected adiabatic IE afs-HYQ becomes 6405% N “
5 cmrl, which is in excellent agreement with those measured & \ R
by our 2C-R2PI and the previous MATI experimersWhen = | } 6a 13"
the S6& vibronic state is used as the intermediate level, the =2 )L ) | .{L y
band related to mode 6a appears to be the most intense in the A - e et e
MATI spectrum, as seen in Figure 1b. This indicates that the !
geometry of the cation resembles that of the neutral molecule 93’ ©
in the § state!®2! A similar finding can be seen when the | a
S,1t vibronic state was used as the intermediate level, as shown
in Figure 1c. 0’ 6a' [ 17b'
The spectral features shifted from theland are related to :
the vibrations of the cations. The observed band intensity in ‘ | I *
the MATI spectra is related to (1) the oscillator strength oo ; M‘m ‘ WWWMWM
corresponding to the;S— S transition, (2) the transition cross . ; ; . .
0 400 800 1200 1600

section from the Sstate to the Rydberg state, and (3) the pulsed
field ionization efficiency. The assignments to the spectral
features were made mainly on the basis of the unrestricted HF/Figure 2. MATI spectra oftransHYQ, recorded by ionizing via the
6-31G* calculations and conformity with the experimental data (&) S0° (b) S$6d, and (c) $1' intermediate states.

of the corresponding species in theed S states, as listed in

Table 1. The observed MATI bands at 365, 454, 724, 838, 875, 63998+ 5 cnmt, which is lower than that ofisHYQ by about
1055, 1174, and 1292 crhresult from the active vibrations 53 cnl. The general spectral features related to the active
154 6at, 121, 11, 176, 18, 94, and 13, respectively. It is vibrations of the cations of the two rotamers are quite similar

noted that mode 15 mainly involves in-plane bendingQC to each other, as seen Figures 1 and 2. The observed vibrations
vibration witha; symmetry is active for the cis but inactive for ~ of the transHYQ cation are listed in Table 1. It is noted that
the trans rotamer. In the contrast, mode 9b that involves in- the frequency of each mode slightly differs from each other for
plane bending €0 vibration withag symmetry is active for ~ the two rotamers. This indicates that the involvement of the

Ion internal energy / cm”

the trans isomer but inactive for the cis rotamer. hydroxyl group in the overall vibrations of these observed
The MATI spectra oftransHYQ recorded by ionizing via ~ Vibrations of the cations is not significant. A similar finding

the @ vibrationless, 6&(33935 cntl), and * (34321 cn1?) has been reported for the rotamers of resorcinol cafibns.

vibrational levels in the Sstate are shown in Figure 2a&. The 3.2. MATI Spectra of PDMB. Similar to the case of HYQ,

field-corrected adiabatic IE ofransHYQ is found to be the vibronic bands of PDMB occur in two series built on 33 852



11458 J. Phys. Chem. A, Vol. 105, No. 51, 2001

Lin et al.

TABLE 2: Observed Bands in the MATI Spectra of the
Planar cis and trans Rotamers of PDMB and Possible
Assignments$

cis trans
level in $state

assignment and

levelin § state approximate

0° 6a 1' caled O 6a& 1' calcd description
189 192 187 15 p(CO)
395 390 373 B(O-CHg)

523 523 523 529 394 396 395 404 BACCC)

545 540 526 6hpB(CCC)

783 789 776 16ay(CCC)

819 818 833 817 817 815 836 ! breathing
977 977 935 975 966 1833(CH)

1039 68, S(CCC)

1184 1186 1175 1175 1175 1169 18B(CH)

1209 1212 1210 1223 9z3(CH)

aThe experimental values are shifts from 60772 and 60563'cm
for the planar cis and trans rotamers of PDMB, respectively, whereas
the calculated ones (scaled by 0.95) are obtained from the unrestricted
HF/6-31G* calculations», 8, and y represent stretching, in-plane
bending, and out-of-plane bending vibrations, respectively.

OO
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bx10 18a' g
“ 151 \ 1 1
4 L, o 1 |
‘ “ ' { \ /‘1
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2
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15 a
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Figure 3. MATI spectra ofcissPDMB, recorded by ionizing via the
(a) S0° (b) S64&, and (c) $1t intermediate states.

and 33 631 cmt, corresponding to the origins of the planar cis
and trans rotamers, respectivé{z 14 Figure 3a-c depicts the
MATI spectra ofcissPDMB recorded via the Qvibrationless
and 6a (34 357 cm!) and T (34 658 cn1?) vibrational levels

in the S state. The adiabatic IE @is-PDMB is determined to

be 607724+ 5 cnT'l, which are in good agreement with that
measured by the ZEKE experiments as reported in the litera-
ture!8 The vibrational frequencies of the observed MATI bands
are listed in Table 2, along with the calculated values and
possible assignments. When the vibrationleg¥ State is used

as the intermediate level, the active vibrations, &, 184,

and 18B appear at 523, 819, 977, and 1184 ¢émespectively,
with moderate intensity. The weak bands at 189 and 395'cm
result from the in-plane bending vibrations-O and O-CHg,
respectively. Similar active vibrations are observed when the
S,6at and S11 vibronic levels are used as the intermediate states,
as seen in Figure 3b,c.

Figure 4a-c displays the MATI spectra ofransPDMB
recorded via the QOvibrationless and 6434013 cn1?) and 1
(34438 cm?) vibrational levels in the Sstate. The adiabatic
IE of transPDMB is measured to be 60 5635 cn 1, which
is lower than that otis-PDMB by about 209 cmt. Analyses
on the spectral bands indicate that the observed cation vibration
of the trans rotamer are quite similar to those of the cis rotamer,
as listed in Table 2. It is interesting to note that the bands
corresponding to mode 6a appear at 396 and 523! ¢ar the

trans and cis rotamers, respectively. Figure 5 shows the normal

vibration 6a of these species on the basis of the CIS and
unrestricted HF methods with the 6-31G* basis set for the S
and cationic ground state, respectively. Investigations of the

. @
h I8y
1 \ 18a
B 6a o
> 1
G 6a (b)
L
|
2 Ji
S |
0
F 0 Il 2 1
i 6a 9a
JL, R S — A
©
00
\ 1
| ‘
\‘ ] |
Ji 6a |
J‘\ - SN ,A,,,,«,,,,;.)L‘N,M,_.vmm,w,._ R
0 400 800 1200

Ion internal energy / cm’”

Figure 4. MATI spectra oftransPDMB, recorded by ionizing via
the (a) 90°, (b) S64, and (c) $1* intermediate states.

atomic displacements on the basis of ab initio calculations show
that mode 6a of théranssPDMB cation involves the in-plane
ring deformation and © CHs; bending vibrations. Nevertheless,
mode 6a oftis-PDMB is a nearly pure in-plane ring deforma-

dion. It has been reported that the vibrational frequencies of this

mode are 382 and 505 crhfor the trans and cis rotamers in
the § state!® The vibrational patterns are found to be similar

in the § and cationic ground states, as seen in Figure 5.

4. Discussion

4.1 HYQ. The molecular structures afs- andtransHYQ
have been determined by Caminati eflalising microwave
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cis frans

ion, 396 (404) cm”

ion, 523 (529) cm™

ERai e

S,, 505 (494) cm™ S,,382(375) em’

Figure 5. Normal vibration 6a of the cis and trans rotamers of PDMB
in the § and cationic ground states on the basis of the CIS/6-31G*
and unrestricted HF/6-31G* calculations, respectively. The quoted
frequencies are obtained from the R2PI and MATI experiments, whereas
the numbers in the parentheses are from the computations.

TABLE 3: Calculated? Energies of the Planar cis and trans
Rotamers of HYQ in the S, and S;, and Cationic Ground
States

cis transition state trans

S State
Er —382.550971 —382.546184 —382.551112
ZPC 0.109235 0.108384 0.109231
E" —382.441736 —382.437800 —382.441880
barrier 0.003936 0 0.004080
barrier/cnt! 864 0 895

S, State
E —382.378792 —382.363794 —382.379202
barrier 0.014995 0 0.015405
barrier/cnT?® 3291 0 3381

lonic State

Ey —382.278049 —382.259257 —382.278513
ZPC 0.110462 0.108363 0.110490
E* —382.167587 —382.150897 —382.168023
barrier 0.016693 0 0.017129
barrier/cnt® 3664 0 3759
(Ef—E")/cm! 60169 60105
exptl IE/cnT?t 64051 63998

aCalculations are at the restricted B3PW91/6-31G**, time-dependent
restricted B3PW91/6-31G**, and unrestricted B3PW91/6-31G** levels
for the S, S;, and ionic states, respectively. ZPC is the zero-point
correction, ancE” andE" are the energies at the zero-point level. 1
Hartree= 27.2116 eV= 219 474.6 cm™. ® The H atom of one hydroxyl
group is perpendicular to the molecular plane.
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1000 cnt! based on the microwave spectroscopic experinnts.
It has been reported that the energy barrier to the OH rotation
in phenol is about 1200 cr.3233Thus, the additional OH group
in the para position seems to have little effect on the energy
barrier for the OH rotation.

The origin of the $-— S electronic transition ofransHYQ
is found to be less than that ofssHYQ by 35 cnr1.812.2728
When taking into account the calculated energies for these
species in the ground state, the ZPL in thestate of the trans
conformer is expect to lie lower than that of the cis one by 66
cm L. It has been shown that the later developed time-dependent
DFT methods can be used to predict the excited-state energy
with a better precision than the CIS procedure for benzene
derivatives?! The time-dependent B3PW91/6-31G** calcula-
tions show that the Sstate energy ofransHYQ is lower than
that of cissHYQ by 90 cnt™. In addition, the energy barrier to
the rotation of the OH group for the cis to convert to the trans
form in the S state is calculated to be 3291 chwhich is
much greater than that in the State. This indicates that the
w* < g transition leads to a stronger interaction between the
OH groups and the ring. This argument can be supported by
the predicted €0 bond lengths of 1.377, 1.331, and 1.319 A
for both rotamers in thecSS;, and cationic states, respectively,
at the MP2/6-31G* level of calculations. The detailed geometry
parameters have been reported in previous literaéfe.

The adiabatic IEs of the cis and trans rotamers of HYQ have
been determined to be 64 051 and 63 998 Emespectively,
with the present MATI experiments. When these measured IEs
and the calculated energies for thg Sate are taken into
consideration, the ZPL in the cationic ground statdrahs
HYQ is expected to be lower than that@$-HYQ by 84 cn1?,
which is very close to the predicted value of 96 ¢nat the
unrestricted B3PW91/6-31G** level. The energy barrier for the
cis-trans isomerization is estimated to be 3664 tifor the
cations. Recently, it has been shown that the investigations on
the energy shift in the electronic transition among several
deuterium-substituted isotopomers can provide an evidence for
the site-specific electronic transitidhln the case of aniline,
the blue shift in the excitation energy observed for the deuterated
species indicates that the S S electronic transition mainly
takes place around the aromatic ring. In the contrast, the
observed red shift in the transition energy to the ionization limit
for the deuterated species proves that the transition fromithe S
to the cationic state corresponds to the removal of one of the
lone-pair electrons of nitrogen. Similar findings about the energy
shifts in the deuterium-substituted systems involving benZtne,

spectroscopy. The results show that both of these two rotamerg?henol?>3" catechok? and resorcindl have been reported.

are planar and belong to the symmetry point groupSxpfand

Con, respectively. It has been reported that the structure
parameters predicted by both the second-order Mghéesset
(MP2) and CASSAF calculations are in very good agreement
with those of the measured on€d2We have performed the
calculations at the B3PW91/6-31G** level for predicting the
relative stabilities and the energy barriers to the OH rotation in
the §, Si, and cationic ground states. All calculations show
that the trans rotamer lies in a slightly lower energy level than
the cis one, as listed in Table 3. In the Sate, the zero point
level (ZPL) oftranssHYQ is lower than that o€issHYQ by 31
cm~1. When the configuration of the transition state is assumed

Therefore, the transition from; 3o the cationic state is likely
to involve the removal of one of the lone-pair electrons of
oxygen in HYQ. A relative electron deficiency around the
oxygen atom leads to a stronger interaction between the OH
groups and the ring for HYQ in the cationic than in thesgte.
The energy barrier related to the possible cis-trans isomerization
of HYQ follows the order $ < S; < cationic state, as listed in
Table 3.

In the present experiments, the HYQ vapors were produced
by heating a solid sample to about 190 for being seeded in
a supersonic expansion. Previous studies show that the planar
cis and trans rotamers coexist in the gas pld$e?28 As the

to have the H atom of one of the hydroxyl groups perpendicular frequency of the excitation laser is fixed at the well-defined

to the aromatic ring, the corresponding energy can be calculatedvibronic levels of the selected species for the successive
with the same procedure. The energy barrier to the rotation of excitation/ionization, only the chosen species is ionized. Since
the OH group for the cistrans isomerization is then estimated the energy barriers to the OH rotation are relatively high in both
to be 864 cml, which is slightly less than the lower limit of the § and cationic states, the cis-trans isomerization is not
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TABLE 4: Calculated? Energies of the Planar cis and trans
Rotamers of PDMB in the &, and S;, and Cationic Ground
States

cis transition state trans

S, State
Er —461.128994 —461.124821 —461.128707
ZPC 0.166329 0.165580 0.166222
E" —460.962665 —460.959241 —460.962485
barrier 0.003424 0 0.003244
barrier/cnr! 751 0 712

S, State
E —460.956636 —460.943526 —460.957235
barrier 0.013110 0 0.013709
barrier/cnrt 2877 0 3009

lonic Sate

Ey —460.868172 —460.848924 —460.868866
ZPC 0.166711 0.165383 0.166742
E* —460.701461 —460.683541 —460.702124
barrier 0.017920 0 0.018583
barrier/cnr® 3933 0 4078
(E*—E")lemt 57327 57143
exptl IE/cnT? 60772 60563

@ Calculations are at the restricted B3PW91/6-31G**, time-dependent
restricted B3PW91/6-31G**, and unrestricted B3PW91/6-31G** levels
for the S, S;, and ionic states, respectively. ZPC is the zero-point
correction andE” andE" are the energies at the zero-point level. 1
Hartree = 27.2116 eV= 219 474.6 cm. ® One methyl group is
perpendicular to the molecular plane.
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for the cis-trans isomerization for PDMB in the cationic ground
state is calculated to be 3933 chwhich is greater than those

in the § and S states. This indicates that the electron donating
CHjs group enriches the electron density around the oxygen atom
of PDMB more in the cationic and the neutral states.

4.3. Vibrations of the Cations of the RotamersAb initio
calculations show that the cis and trans rotamers belong to the
point groups ofC,, and Cyy,, respectively, for the HYQ and
PDMB cations. The spectral features in the MATI spectra of
the two conformers are generally similar to each other. However,
the frequencies of each mode may slightly differ between the
rotamers, resulting from the involvement of the substituent group
in the overall vibration. This difference in the vibrational
frequency is a measure of the extent of the OH and @CH
substitutents involved in the overall molecular motions. Analyses
on the MATI spectra of HYQ show that mode 15 corresponding
to the in-plane bending €0 vibration with a; symmetry is
only observed for the cis rotamer whereas mode 9b related to
the in-plane G-O bending vibration witrag symmetry is only
seen for the trans rotamer, as shown in Figures 1 and 2. In a
similar fashion, mode 15 appears as an active vibratiogifer
PDMB but nottransPDMB, as seen in Figure 3. The absence
of the MATI band corresponding to mode 9b in the MATI
spectrum ofransPDMB may result from unfavorable Franek
Condon transition. It is noted that the in-plane-OH;z bending
vibration is observed focissPDMB in the cationic state as in
the neutral $state. This indicates that the geometry molecular

expected to occur under the present experimental conditions.symmetry of the cations resemble those of the neutral species
Thus, the MATI spectra of the selected rotamer can be precisely of the two rotamers of PDMB.

recorded.

4.2. PDMB. Previous experimental data and calculated results
suggest that several conformers of PDMB may exist in the
ground stat&13-14.38-39 |n addition, only the planar cis and trans
forms are stable in the;&nd cationic ground states. Thus, we

In the § — S electronic transition of HYQ and PDMB, an
electron is transferred from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO).1213This leads to electron redistribution and a stronger
interaction between the ring and the OH or OCgroup,

only refer to these two structures for the discussion throughout resulting in a shortening of the-€0 bond and a pronounced

this paper. The B3PW91/6-31G** calculations show that in the
S state the ZPL o€is-PDMB is lower than that ofransPDMB

by 39 cnt! and the energy barrier to the-@CH; rotation is
712 cnil, as listed in Table 4.

The origins of the § — S electronic transitions are
determined to be 33 852 and 33 631 ¢nfor the cis and trans
rotamers of PDMB, respectivef{3-14 This indicates that the
ZPL in the S state of the trans lies lower than that of the cis
rotamer by 182 cm’. The time-dependent B3PW91/6-31G**
calculations predict that the State energy of the trans is lower
than that of the cis rotamer by 132 chand the energy for the
cis-trans isomerization is 2877 ci The higher-energy barrier
indicates that ther* < x transition leads to a stronger
interaction between the OGHKyroups and the aromatic ring for
PDMB in the excited $state, as in the case of HYQ.

The difference in the adiabatic IE of the two rotamers of
PDMB is found to be 209 cmi, whereas the discrepancy in
the origin of the $<— S electronic transition is 221 cm. This

change of molecular geometry upon electronic excitation. When
the vibronic $6a! state is used as the intermediate level, the
MATI bands corresponding to the overtone vibratioR 6&the
cations are seen, as shown in Figures 1b, 2b, 3b, and 4b. Since
normal vibration 6a mainly involves a ring motion along the
long in-plane axis, the decrease in the GCH; bond length is
certainly responsible for the observation of the progression
bands. The predicted-8OCH; bond lengths are 1.354, 1.328,
and 1.291 A for both rotamers in thg, S, and cationic states,
respectively, at the HF/6-31G* level of calculations.

The observed frequencies of mode 6a for the cis and trans
rotamers of the HYQ cations are 454 and 460 &mespec-
tively, as listed in Table 1. Thus, the relative orientation of the
two OH groups does not affect the normal vibration signifi-
cantly. In the contrast, the frequencies of mode 6a for the cis
and trans rotamers of PDMB are found to be 523 and 396'cm
respectively, as listed in Table 2. This discrepancy in the
vibrational frequency results from different extent of the OH

indicates that the potential energy surface for the electronic group involved in the overall motions. Detailed plots of the

transition from the $to the ionization limit is nearly identical

atomic displacements on the basis of ab initio calculations show

for these two rotamers. The calculated total atomic charges usingthat mode 6a oftransPDMB involves the in-plane ring

Mulliken population analysis show that this process mainly
involves the removal of one of the lone-pair electrons of oxygen
in PDMB. It follows that there is no significant difference in

deformation and the ©CHs bending vibrations. Nevertheless,
the involvement of OCElgroup in mode 6a otis-PDMB is
not significant. Therefore, investigations on the frequencies of

the atomic charge distribution between the cis and trans rotamersgifferent rotamers can be used as a measure for the extent of
of PDMB. When measured IEs and the calculated energies forthe substitutents involved in the overall normal vibration.

the S state are taken into consideration, the ZPL in the cationic
ground state ofranssPDMB is expected to be lower than that
of cissPDMB by 170 cnt?, which is very close to the predicted
value of 145 cm! at the BSPW91/6-31G** level. The energy

5. Conclusion

We have demonstrated that two-color resonant two-photon
excitation MATI spectroscopy can be used to probe the ionic



Hydroquinone angb-Dimethoxybenzene Cations J. Phys. Chem. A, Vol. 105, No. 51, 20011461
(13) Tzeng, W. B.; Narayanan, K.; Hsieh, C. Y.; Tung, C.JCMol.
Struct. 1998 448 91 and references therein.
(14) Oikawa, A.; Abe, H.; Mikami, N.; Ito, MChem. Phys. Let.985

properties of the selected rotamers of HYQ and PDMB. The
species selection was achieved by fixing the frequency of the
first excitation laser at a particular fingerprint level in the S 144 50,
state of the specific rotamer while tuning the frequency of the  (15) Yamamoto, S.; Okuyama, K.; Mikami, N.; Ito, NChem. Phys.
second laser across the ionization limit. The adiabatic IEs of Lett.1986 125 1. .
cisHYQ, transHYQ, cis-PDMB, andtransPDMB are deter- llglg)mszhea' D. A.; Goodman, L.; White, M. G. Chem. Phys200Q
mined to be 64 053 5, 63 998+ 5, 60 772+ 5, 60 563+ 5 (17) Lin, J. L: Tzeng, W. BJ. Chem. Phys2001 115, 743.
cm 1, respectively. Analyses on the MATI spectra recorded by (18) Cockett, M. C. R.; Okuyama, K.; Kimura, K. Chem. Phys1992
ionizing via various vibronic states show that the geometries 97, ;1967%_ LT W. BJ. Chem. Phy2000 113 4109

; i ; in, J. L.; Tzeng, W. BJ. Chem. .
and molecular symmetry in the cationic state resgmble those in 2203 Huang, L. C. L.?Lin, 3. L: Tzeng, W3f FChem. Phys200Q 261
the S state for these rotamers. The DFT calculations show that 449
the energy barriers related to the possible cis-trans isomerization (21) Lin, J. L.; Lin, K. C.; Tzeng, W. BAppl. Spectrosc2001, 55,
are relatively high in the Sand cationic states. This prediction ~ 120. )
is in agreement with the observed clean MATI spectra of the ~ (22) Tzeng, W. B.; Lin, J. LJ. Phys. Chem. A999 103 8612.

. . . (23) Lin, J. L.; Tzeng, W. BPhys. Chem. Chem. PhyZ00Q 2, 3759.
seleqted rotamers with nearly no contributions from the other (24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.. Scuseria, G. E.: Robb,
species.

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

Analyses on the vibrational features of the cations show that Stfaémgnnk RNE-:SFU_fan,\t;I Jé CF Dfpprgh,TS-: MilllaT, Ef. M.; D\é}n_iecls, A.
the difference in the vibrational frequency of each mode of - C“ar':r'ni" R Mrear:rr]l’ucc'i, é.;agoﬁélli"'c_‘;’”fdsgmay g_r;oncﬁi’ﬁo'r’d’ 0;?“
different rotamers can reflect the extent of the involvement of ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.: Morokuma, K. Malick,
the substituent group in the overall normal vibrations. Mode D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
6a of the cis and trans rotamers of PDMB cations are observedQ"iz J. V.; Baboul, A. G.; Stefanov, B. B, Liu, G, Liashenko, A ; Piskorz,

. S . P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T,; Al-
at 523 and 396 cmi, respectively. Ab initio calculations show Laham, M. A.; Peng, CI.OY.; Nanayakkara, A.; Gonzalez, C.; Challacombe,

that the coupling between the in-plane ring deformation and m.; Gill. P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;

the O—CHjs bending vibrations is strong in mode 6a of thens
PDMB cation.
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