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The ultraviolet spectroscopy oftr and p-divinylbenzene isomerstDVB and pDVB) was studied by a
combination of methods, including resonance-enhanced two-photon ionization (R2PI), laser-induced
fluorescence (LIF), UM-UV hole-burning spectroscopy (UVHB), and single vibronic level fluorescence
spectroscopy (SVLF). ImDVB, there are three low-energy conformations—cis, cis-trans andtrans—
transwhose $<— S origins occur at 31 408, 31 856, and 32 164 énmespectively, as confirmed by UVHB
spectroscopy. There are two possible conformatiorsdD¥B, cis andtrans. UVHB studies confirm the S

— & origin of trans-DVB occurs at 32 553 cnt, and the correspondingis-pDVB origin is tentatively
assigned to a transition at 32 621 ¢mSVLF studies were used to determine several of the vinyl torsional
levels of the isomers ahDVB andpDVB. A two-dimensional flexible model was used to fit these levels in
mDVB to a potential form and determine the barriers to isomerization.

I. Introduction rotated in 3 — 6 dimensional space with respect to one another.
As a result of this mixing, the FranelCondon factors (FCF)

. ;g:ﬁ:ioﬁsgzzj ?r?d Sﬁ(zzti%tfg ejstzrtf;‘ﬁs is(;?ne":iizltior?IOdel in the § — S excitation spectrum are spread out over both the
Yy ying p “torsion” and “bending” modes.

_procle SSes .tThe {eaizntc_) n cogrdl??kt]e aescs:oct;ate(;j tvf\: 't? |somer|tzat|on The barrier to isomerization of the vinyl group in the ground
Involves Intérnal rotation about thé SLe bond that connects 10 o STY was determined by Hollas and co-workdrng

the ring to the vinyl group. The vmyj torsional energy levels fitting the observed ground state torsional levels to a Fourier
thus map along the reaction coordinate and can be used to

) . . ; 8 o series,
determine the one-dimensional potential for isomerization.

Studies of the vibronic spectroscopy are particularly fruitful in 1
this regard because the vibronic spectra of STY and its V(0) = Z— (1 — cosd))
derivatives show characteristic FrargRondon activity involv- T2

ing the vinyl torsion {42 in STY). STY is planar in both the
ground and first excited electronic state$The torsion is very
floppy in the ground state with a frequency of only 38¢n3
This results in part because the ground state torsional potential 1
well is very flat-bottomed, giving rise to a large negative V(0) =3[(1070=8)(1— cos(2)) —
anharmonicity for low quantum numbers® However, in the _ _
Si(r*) excited state, the C-C, bond length decreases as it (2754 1)(1 = cos(#)) + (7 + 0.5)(1~ cos(@))]
gains double bond character and threCvinyl bond lengthens  The value of the torsional barrier height (10208 cm?) in
as it loses double bond character, causing the torsional potentiakhis potential is determined by thé term. The large negative
well to become much steeper and the frequency of the torsionvalue of theV, term reflects the flatness of the potential well,
to increase to 186 cm.24 The differences in the shapes of the and theVs term provides mainly a small correction to the shape
ground and excited state potential wells lead to a short of the well.
progression of even quanta in the vinyl torsion in the low-  In the spirit of exploring potential energy surfaces of
frequency region of the® SVLF spectrum of STY:2 The increasing complexit§; ® we have extended our recent studies
changes in bonding character in the excited state also cause thef m- and p-ethynylstyrene that possess one flexible vinyl
normal coordinates of the out-of-plane (oop) bend and torsion coordinate tan- andp-divinylbenzene, which contain two such
(Qs1 and Qg, respectively) to mix:® Thus, these coordinates  coordinates. With the vinyl group’s inherent structural asym-
in the excited state must be expressed as linear combinationgnetry, this double substitution also produces more isomeric
of the ground state bending and torsional normal mode possibilities. As shown in Figure 1, ipDVB, one anticipates
coordinate$:® This mixing of normal coordinates is referred to  two isomers with vinyl groups pointingis andtrans relative
as a Duschinsky rotation because the normal mode axes ar&o one another, and imDVB there are three isomersis—cis
(co), trans—trans (tt), and cis—trans (ct). Trans—cis is spec-

T Part of the special issue “James A. Miller Festschrift”. troscopically indistinguishable froris—trans).
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The best fit of the experimental data was achieved with the
following functional form3
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N spectrum was recorded by tuning the probe laser through the
J N % spectral region of interest. When its signal with the holeburn

laser present was subtracted from that without the holeburn laser

* para-divinylbenzene " using active baseline subtraction, the conformer-specific ultra-
| | | violet holeburn (UVHB) spectrum resulted. In R2PI detection,
7 N AN both beams were spatially overlapped and there was a 200 ns
delay between the two lasers. In LIF detection, the holeburn
o o . : laser preceded the probe laser b2 us, and the two beams
cis-cis trans-trans cis-trans . . . .
meta-divinylbenzene were separated in space By nozzle diameters (typically with

the holeburn laser afD ~ 10 and the probe laser @D ~ 14,
whereD = 1.0 mm). In LIF detection, a gating circuit was used
to turn off the PMT during the firing of the holeburn laser. The

andtt) and onepara-conformer {) were identified. Thusgt- gating circuit was used to avoid saturation of the PMT from

mDVB andc-pDVB were not found in the spectrum. The origins  the holeburn laser.
of cc-mDVB, tt-mDVB, andt-pDVB were identified at 31 409, Ground state vibrational spectra were recorded with single
32 164, and 32 553 cm, respectively. vibronic level fluorescence (SVLF) experiments. Here the
The purposes of the present study are to find the “missing” €xcitation laser power used wag€.1-0.4 mJ/pulse at 20 Hz.
conformations ofn- andpDVB, to characterize the conforma- These spectra were recorded in the collision free region of the
tion specific ultraviolet spectroscopy of all the isomers in both jet atx'D ~ 14. The total fluorescence was dispersed using a
the ground and excited electronic states, and to determine theJobin Yvon 750i monochromator with a 1Qfm slit width
barrier to cis < trans isomerization by fitting the €-C, equipped with a 1200 grooves/mm grating. The dispersed
torsional levels to a two-dimensional potential form. This fluorescence signal was detected with a thermoelectrically
involves a long extrapolation of the low-frequency torsional cooled 75 °C) CCD camera (Andor Technology) equipped
levels to the top of the barrier, leaving some uncertainty as to with a 2048x 512 pixel chip with 13um diameter pixels. This
the accuracy of such an extrapolation. Furthermore, such asignal was transferred directly to a personal computer. Back-
spectroscopic study cannot identify isomerization pathways on ground and scattered light were removed from the SVLF spectra
the surface. In the following paper, we determine the lowest- by acquiring spectra while tuned out of the gas pulse and
energy isomerization barriers between all six reactanoduct subtracting the two spectra.
pairs of MDVB using the alternative method of stimulated The divinylbenzene sample was purchased from Aldrich as
emission pumpingpopulation transfer spectroscop¥!112This an 80 vol % mixture ofn and p-divinylbenzene isomers (the
enables a comparison of the purely spectroscopic methods forremaindem- andp-ethylstyrene) and used without purification.
determining barrier heights with the population transfer meth-

odology. I1l. Calculations

Figure 1. Depictions of the DVB conformers.

were also recorded. Surprisingly, only tweetaconformers ¢c

Il. Experimental Methods Density functional theory (DFT) -calculations with a
Becke3LYP functiondf1” and the 6-33+G* basis st were

sed to determine structures, energies, and harmonic vibrational
requencies for each of the isomers of DVB. True minima were
verified by the lack of imaginary frequencies in the harmonic

chamber, the supersonic expansion was produced by passin%ibrgtional fre_quency calcu_lations. All computations were
He over a sample reservoir heated to about°60 A total arried out using the Gaussian 98 sufte.
pressure of 2 bar was applied behind a pulsed valve (Jordan In order to guide our thinking and to compare with experi-
Co.) with a 0.8 mm diameter orifice. ment, the two-dimensional torsional potential faDVB was

The LIF chamber used in this work is newly designed, and computed at the DFT/B3LYP//6-31G* level of theory. This
it will be described in more detail elsewhere. This apparatus is & relaxed potential energy surface in that at each set of
consists of a six-way cross chamber backed by a roots pumptorsional anglestly, 6,) the energy was minimized with respect
(Leybold, model WS 100) and two 25 L/s mechanical pumps to all other coordinates. The computed relaxed potential energy
(Sargent-Welch, model 1398). The fluorescence is collected with surface in the & range for bottt, and6, is shown in Figure
~20% efficiency with 4 in. spherica] mirro¥s1® and imaged 2. The four minima and th€&, symmetry transition state are
onto a photomultiplier tube (PMT). In LIF experiments, the labeled in the figure. The dihedrafs and6, are defined with
sample was entrained i3 bar helium and expanded into 61 = 0> = 0 set at thecis—cis configuration. Positive angular
vacuum by a pulsed valve (Series 9 general valve) with a 1 change along either dihedral is defined as a counterclockwise
mm nozzle at a throughput ef60 barcm3min. rotation of the vinyl group when viewed from the center-of-

In both detection schemes, the frequency doubled output from mass along the @j—C(vinyl) bond. Because the two vinyl
a Nd:YAG pumped dye laser was used as the excitation laser.groups are identical and are attached at symmetry-equivalent
The excitation laser powers used wer@.2 and~0.05-0.1 points on a planar scaffold (the phenyl ring), the potential must
mJ/pulse at 20 Hz in R2PI and LIF experiments, respectively. be symmetric with respect to exchange of the torsional

To obtain conformer specific ultraviolet spectra, a high coordinates; that isy(61, 62) = V(62, 61). Table 1 lists the
powered holeburn laser with its Wa\/e|ength fixed on a vibronic CompUtEd relative energies of the minima and transition states.
band of interest{0.4 mJ/pulse at 10 Hz) was introduced prior Figure 3 illustrates the normal coordinate displacements for
to the probe laser. When the probe laser was resonant with athe out-of-plane torsions in the three isomersmfVB. In ct-
transition that shared the same ground state as the holeburrmDVB (Cs symmetry), the two torsions are largely localized
transition, a depletion in the signal from the probe laser was on the two different vinyl groups, which are distinguishable in
detected due to the presence of the holeburn laser. The holeburrthis case. In contrast, inc- and t-mDVB (due to theirCy,

Ultraviolet excitation spectra were obtained with both laser
induced fluorescence (LIF) and resonance enhanced two photo
ionization (R2PI) detection schemes. The chamber used for
ionization detection has been previously descrilselh this
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Figure 2. DFT relaxed potential energy surface in thes0range of
mDVB with the minima, transition states, and symmetry axes labeled.
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Figure 4. (a) 1C-R2PI spectrum gdDVB and (b) UVHB spectrum

See text for the energies of the minima and transition states. The two- of t.pDVB, Transitions marked with asterisks in (a) represent transitions

letter labels indicate the orientation of the two vinyl groups whef'e="
cis, “u"= up, ‘t"= trans, and “d*= down. See text for details.
TABLE 1: DFT/B3LYP//6-31+G* Relative Energies of
Selected Stationary Points on the Potential Energy Surface
of m-Divinylbenzene

relative
description 61 (deg) 0, (deg) energy (cnb)2

tt-mDVB 180 180 0
ct-mDVB 0 180 18
cc-mbVB 0 0 75
1D TS tu, d) 90 180 1274
1D TS (u, cc) 0 90 1283
2D TS (du) 90 90 2590

2The relative energies of the minima and transition states are
corrected for zero-point energy effects.
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Figure 3. lllustration of the normal coordinate displacements in the
isomers oimDVB with DFT frequencies. The DFT/B3LYP//6-31G*
frequencies are scaled by 0.9565.

symmetries) the two vinyl groups are both equally involved in

that do not holeburn out withpDVB. These transitions are tentatively
assigned to transitions @afpDVB (see text for details).

displacement of the two ring carbon atoms that lie in @e
axis of the molecule. This is largely a kinematic effect associated
with both vinyl groups extending in the same direction from
the ring. This motion appears as a tilt of the ring with respect
to the vinyl groups. The corresponding displacement is not
observed irtt-mDVB. However, it is present ict-mDVB but

to a smaller degree. Interestingly,damDVB, this displacement

is larger for the lower frequency vibration where the vibration
is localized on the ¢is’ side of the molecule.

The other low-frequency vibration of particular relevance to
this study is the out-of-plane vinyl bending modes. Unlike the
vinyl torsions, the normal coordinates of the bending modes of
all isomers are delocalized over both vinyl groups. Furthermore,
the lower frequency bend in all conformers correspond to the
bending motion of both groups together (a™bype or “in-
phase” vibration).

IV. Results and Analysis

1. R2PI, LIF, and UVHB Spectra. pDVB.Parts a and b of
Figure 4 present the 1C-R2PI spectrunpbfVB and the UVHB
spectrum ot-pDVB in the range from 32 540 to 33 250 cfa
The ultraviolet spectrum (Figure 4a) pDVB could be re-
corded free from interference froomDVB using 1C-R2PI
because only theDVB isomer has an ionization potential low
enough to be reached by two photons of the same energy at
these wavelengths.

The strongest transition in the R2PI spectrum occurs at 32 553
cm! (Figure 4a). This band was assigned by Nguyen and co-
workers® to the § — S origin transition oft-pDVB. The
UVHB spectrum ot-pDVB (Figure 4b) was recorded with the
excitation laser fixed on the®@t-pDVB transition. There are
several transitions which do not holeburn out with tHfg 0
transition oft-pDVB (marked by asterisks in Figure 4). By
process of elimination, these transitions are tentatively assigned

the normal modes, and the normal coordinates are rotated byto the missingc-pDVB conformer. Further evidence for the

+45° from the ct-conformer. As illustrated in the bottom of
Figure 3, the higher frequency torsion a--mDVB has h
symmetry, whereas iti-mDVB, it has & symmetry. Addition-
ally, the forms of the ptorsional modes ircc- andtt-mDVB
are slightly different. As shown in Figure 2, tt-mDVB in
addition to the vinyl group motion, there is also significant

assignment of these transitions belongingcipDVB will be

discussed below. The furthest red-shifted transition of these

unaccounted for transitions, which occurs at 32 621 %ris

tentatively assigned to thé@transition ofc-pDVB.
mDVB.Figure 5 presents the LIF spectrumrobVB (part a

of Figure 5) and the UVHB spectra aofc-, ct-, and tt-
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Figure 5. (a) LIF spectrum oimDVB and UVHB spectra of (bfc-,
(c) ct-, and (d)tt-mDVB with their origin transitions labeled.

T
31400 32200

mDVB (parts b, ¢, and d of Figure 5, respectively) in the range
of 31 400 to 32 300 cmt. The spectrum shown in Figure 5a is
very similar to the LIF spectrum recorded by Nguyen and co-
workers!® Some intensity differences are observed, which are
probably due to differences in the laser powers used.

The two strongest transitions, labeled A and C, in the LIF
spectrum occur at 31 409 and 32 164 ¢énFigure 5a). These
bands were assigned by Nguyen and co-wofReosthe S ~—

Sy origin transitions ofcc- and tt-mDVB, respectively, based

on their rotationally resolved spectra. The UVHB spectra of
cc-andtt-mDVB (parts b and d of Figure 5) do not account for
all transitions observed in the LIF spectrum. However, all of

Selby et al.

where thect-mDVB origin is expected to occur, roughly halfway
between those of thec- andtt- isomers? Stimulated-emission
population transfer studies (which will be discussed in the
following paper) confirm that the third speciesasmDVB.

Given the small intensity of thet-mDVB and c-pDVB
transitions relative to the other andpDVB conformers, it is
understandable that these conformers were missed in the
previous studies of the divinylbenzenes by Nguyen and co-
workers!® Furthermore, only the strongest two transitions (at
33 105 and 33 193 cm) of all the c-pDVB transitions can be
clearly seen in the LIF spectrum (not shown), and the LIF
intensities of these two transitions are only about one-fifth of
the R2PI intensity relative to thepDVB origin transition. The
fact that the transitions due wpDVB transitions are so much
more easily detected using R2PI than LIF is the result of the
higher laser powers used in the R2PI spectroscopy (leading to
saturation effects). In addition, the isomers gidVB have
significantly shorter glifetimes (~20 ns) thanmDVB (~80
ns). Unfortunately, the lifetime af-pDVB transitions could not
be determined because the two observed transitions are both
partially overlapped with transitions of tmeDVB conformers,
which have long lifetimes.

2. Ground and Excited State Vibrational Assignments.
Figures 6 and 7 present the UVHB anth @VLF spectra of
cc-, ct-, tt-nDVB and t-pDVB, respectively, plotted in wave-
numbers relative to their respective S S origin transitions.
Assignments for the vibronic transitions are given in the figures
and in Tables 2 and 3. The normal modes are numbered using
Mulliken notation, based on the harmonic vibrational frequencies
from DFT calculations. Support for these assignments and a
general discussion of the most important bands are given in
what follows. Thece-mDVB spectra will be discussed in greater
detail in order to illustrate the assignment process used.

cc-mDVB As expected from the high-resolution spectroscopy
by Nguyen et allf the § — S excitation (Figure 6a) and’@
SVLF (Figure 7a) spectra are dominated hyfandamentals
and even overtones and combinations of oop vibrations of the
same symmetry gaand h). Frequencies o€c-mDVB funda-

the unaccounted for transitions do holeburn out with the furthest mentals are given in Table 2 alongside DFT calculated frequen-

red-shifted transition of the unaccounted for peaks (Figure 5c).
This third species has its origin at 31 856 ¢iin the position

cies and the corresponding ground and excited state frequencies
observed in STY for comparison.
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Figure 6. UVHB spectra of (agc-nDVB, (b) ct-mDVB, (c) tt-mDVB, and (d)t-pDVB in wavenumbers relative to the respective origin transitions
with many important transitions labeled. For comparison, the spectra have been scaled to thé, satersiy.
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Figure 7. SVLF spectra from the % transitions of (akcc-nDVB, (b) ct-nDVB, (c) tt-mDVB, and (d)t-pDVB in wavenumbers above the ZPL
with many important transitions labeled. Each spectrum is normalized such thé imée@sity is 1.

TABLE 2: Experimental Ground and Excited State Vibrations of ccmDVB and tt-mDVB with Styrene Vibrations?2 Shown for

Comparison
styrene cc-mDVB
S frequency S: frequency S frequency S: frequency S calcd

description mode (cm™) (cm™) symmetry mode (cm™) (cm™) (cm™)
vC=C 9 1630 a 7 1640 1627
¢-vCC 11 1575 a 8 1527 1554
¢-vCC 13 1450 1429 a 9 1448 1434 1425
p-CH2 14 1411 a 10 1422 1369 1405
¢-fCH 15 1334 a 11 1260 1292
¢-vCC/(13) 18 1203 1209 18 12 1232 1240 1205
¢-deform/(12) 24 1001 948 12 15 998 958 968
¢-breath/1 25 775 746 12 16 713 690 696
aC—C-C 27 553 437 a 17 547 528
aC—C—Cl(6a) 28 437 394 a 18 441 429 434
BC—CHCH2 29 228 237 a 19 155 158 152
C1-Ca bend 41 199 99 a 25 220 231 221
C1-Ca torsiorf 42 38 186 a 26 28 88 34
C1-Ca bend 41 199 99 b 35 171 105 173
C1-Ca torsiorf 42 38 186 b 36 41 168 48

styrene tt-mDVB
S frequency S; frequency S frequency S; frequency S caled

description mode (cm™) (cm™) symmetry mode (cm™) (cm™) (cm™)
vC=C 9 1630 a 7 1641 1628
¢-vCC 11 1575 a 8 1588 1560
¢-vCC 13 1450 1429 @ 9 1439 142Y 1424
p-CH2 14 1411 a 10 1397 1322 1373
¢-BCH 15 1334 a 11 1295 1257 1291
¢-vCC/(13) 18 1203 1209 1a 12 1243 1237 1214
¢-deform/(12) 24 1001 948 12 15 997 958 968
¢-breath/1 25 775 746 12 16 720 699 701
aC—C-C 27 553 437 a 17 569 532 555
aC—C—Cl(6a) 28 437 394 a 18 373 369 363
BC—CHCH2 29 228 237 a 19 171 174 165
C1-Ca bend 41 199 99 a 25 198 160 198
C1-Ca torsiorf 42 38 186 a 26 45 116 55
C1-Ca bend 41 199 99 b 35 192 210 197
C1-Ca torsiorf 42 38 186 b 36 29 64 35

ay, stretch;a, in plane ring angle bengt, in plane bendip, benzene ring. Numbers in parentheses refer to corresponding benzene mode in
Wilson notation.? DFT/B3LYP//6-3H-G* level of theory.¢ Estimated fundamental from combinations or overtones observed assuming harmonic
behavior. See text for detail$Assignments are tentative.

Firm assignments to the transitions located at 158, 690, 958, respectively, based on their SVLF spectra. These scans are
and 1240 cm! above the § < S; origin were made to included in the Supporting Information. The largest of these
transitions involving afundamentals, 19, 16%, 15%, and 12, transitions, 1%, at 958 cm! involvesvys, a ring deformation
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TABLE 3: Ground and Excited State Vibrations of t-pDVB and ct-mDVB with Styrene Vibrations2 Shown for Comparison

styrene t-pDVB
S frequency S, frequency S frequency S, frequency S calcd

descriptior mode (cm™) (cm™) symmetry mode (cm™) (cm™) (cm™)
vC=C 9 1630 3 6 1640 1621
¢-vCC 11 1575 a 8 1564 1533
B-CH2 14 1411 e 9 143¢ 1388 1405
¢-BCH 15 1334 8 10 1327 1295 1311
¢-vCC/(13) 18 1203 1209 ga 12 1210 1177 1189
vC1lCo/aryl SCH 19 1181 966 a 13 1179 1141 1159
SCH2 22 1032 Fl 14 1033 1023 1013
¢-breath/1 25 775 746 g 15 817 769 795
¢-oC—C—Cl(6b) 26 621 545 A 16 641 589 627
aC—-C-C 27 553 437 @ 17 53% 537
aC—C—Cl(6a) 28 437 394 A 18 394 347 384
SC—CHCH2 29 228 237 A 19 259 258 247
C1-Ca bend 41 199 99 a 27 133 154 136
C1—-Cao torsiorf 42 38 186 a 28 30 57 38
C1-Ca bend 41 199 99 b 35 283 254 283
C1—-Cao torsiorf 42 38 186 b 36 49 123 60

styrene ct-mDVB
S frequency S; frequency S frequency S: frequency S caled

descriptiod mode (cm™) (cm™) symmetry mode (cm™) (cm™) (cm™)
vC=C 9 1630 a 11 1638 1626
vC=C 9 1630 a 12 1638 1625
¢-vCC 13 1450 1429 'a 16 1403 1424
p-CH2 14 1411 a 18 134% 1384
¢-vCC 17 1289 1145 'a 21 12949 1290
¢-vCC 17 1289 1145 'a 22 1247 1266
¢-vCC/(13) 18 1203 1209 'a 23 1238 1242 1211
¢-deform/(12) 24 1001 948 'a 29 997 958 967
¢-breath/(1) 25 775 746 ‘a 31 719 697 700
vC—C-C 27 553 437 a 32 580 558 566
vC—C—-C 27 553 437 a 33 538 513 522
vC—C—Cl/(6a) 28 437 394 'a 34 455 438 443
vC—C—Cl(6a) 28 437 394 'a 35 425 386 416
BC—CHCH2 29 228 237 'a 37 165 169 160
C1-Ca bend 41 199 99 a 51 145 213
C1-Ca bend 41 199 99 a 52 18 188! 186
C1-Ca torsiorf 42 38 186 a 53 44 138 57
C1—Ca torsiorf 42 38 186 a 54 36 79 a7

ay, stretch;a, in plane ring angle bendl, in plane bendi, benzene ring. Numbers in parentheses refer to corresponding benzene mode in
Wilson notation.? DFT/B3LYP//6-3H-G* level of theory.¢ Estimated fundamental from combinations or overtones observed assuming harmonic
behavior. See text for detail$Assignments are tentative.
mode corresponding te,4 in STY andvi, in benzene. The  son of the observed frequencies and intensities to those of the
corresponding 1% transition appears at 998 c indicating corresponding transitions in th&@,0SVLF spectrum of STY.
that the ring deformation experiences a frequency decrease inNSVLF spectra were taken from transitions observed at 1431,
the excited state similar to that in STY (see Table 2). The 1360, and 1260 cni in the excitation spectrum; however, at

transition at 158 cmt is assigned to 19, wherevyq is the these excitation energies the SVLF spectra were too broad to
symmetric vinyl bending mode. The frequencyvg§ decreases  assign. On the basis of comparison to STY and DFT calcula-
only slightly in § to 155 cnt®. This mode corresponds Qg tions, these transitions are tentatively assigned¢ol®',, and

in STY, where it has ground and excited state frequencies of 111, respectively.

228 and 237 cmt, resepctivelyt The large frequency difference The remaining prominent features in th& GVLF and the
betweencc-m-DVB and STY reflects the fact that the normal S; — S spectra otc-nDVB are composed of combinations or
mode incc-mDVB involves both vinyl groups. The transitions  even overtones involving the oop vinyl torsion and bends (
observed at 690 cm in the R2PI spectrum and 713 cfin andwa; in STY). As discussed previously, icc-nDVB there

the @ SVLF spectrum are assigned to'd@nd 16;, respec- are two vinyl bendsis and v3s) and two vinyl torsions 1z
tively, wherevyg is the ring breathing mode. The corresponding and vse) with & and k symmetry, respectively. As in STY,
modes in STY and benzene arg andv;. Finally, the transition there is complicated Duschinsky mixing of these modes and a
at 1240 cm' is assigned to 13, wherev;, is a ring deformation large negative anharmonicity in the torsidn§.Because the

mode. The corresponding ground state transitiorfy, 1 torsional modes are closely related to the isomerization reaction

observed at 1232 cm. The analogous STY mode igg (v13 coordinates, they will be discussed in more detail here. Their

in benzene). assignments were complicated by the Duschinsky mixing and
Combination bands involving these in-plane fundamentals are large anharmonicities.

also evident in the spectra, most notably involving vig, v16, Parts a-c of Figure 8 present the SVLF spectra from the (a)

andvi,. Transitions ascribable to other in-plane fundamental 26% (at+175 cnt?), (b) 25026% (at+319 cn1?), and (c) 25,
transitions observed in th€{SVLF spectrum involving modes  (at +462 cnt?) transitions ofcc-mDVB. These are the first
v7—v1o Were assigned based on DFT calculations and compari- overtone of the atorsion, the combination band of thelaend
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Figure 8. Assignments to out-of-plane vibrations observed in the SVLF
of the (a) 26, (at +175 cnm?), (b) 25426% (at +319 cnT?), (c) 25
(at+462 cnt?), (d) 36 (at+336 cnT?), (e) 35:36% (at+272 cnT?y),

and (f) 35, (at +210 cn1?) transitions ofcc-nDVB.

and the atorsion, and the first overtone of the-bend,
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excited state is quite obvious (illustrated further in Figure-8a

by the shading of 25, 21,6, andv,s + v, bands). When there

is a large amount of Duschinsky mixing between two modes,
the choice of the excited state labels becomes less clear.
However, the $assignment of the 175 crhto 26, follows

from the fact that it has the largest intensity in thes
progression. Similarly, the 462 crh transition, which is
assigned to 2, has the largest FCF to 25 Finally, the
assignment of the 319 crh transition to 2%26, is straight-
forward since the frequencies of ¥nd 25, are known.

Figure 8d-f presents the SVLF spectra from (d)2%3qat
+336 cnY), (e) 35,36% (at+272 cntl), and (f) 3%, (at+210
cm™1) transitions ofcc-nDVB. As in the @ modes discussed
above, these spectra share many transitions to the same ground
state levels. All three spectra have in common a short progres-
sion in the R-torsion with 235 and 436 at 86 and 186 crm.

In the SVLF of 38y, there is a strong band at 302 chthat is
assigned to B3 The h-bend,vss, has its first overtone at 341
cm, which is observed in all three SVLF spectra. This
assignment is consistent with the 173 ©ntalculated value
for thevss. Consequently, the strong band at 207 éwbserved

in all three SVLF spectra is readily assignedvtg + v3. The
strong band at 309 cm in the SVLF spectrum of 3536%, and
3%% is thenvzs + 3vze. This combination band is not cleanly
resolved in the SVLF spectrum of %6due to the strong
transition at 302 cmt, which is assigned to18e. Likewise,
6v3s may be unresolved in the SVFL spectrum obtained by
exciting the 3%36!, transition, due the strongss + 3vss
transition at 309 cmt.

As with the @ modes, the intensities in the cross-sequences
observed in the SVLF of the combinations and overtones of
the b modes make the excited state labels less clear. However,
the logical assignment of the 210 chtransition is 3%, since
it has the largest FCF to 235 It follows, then, that the two
remaining transitions at-272 and-+336 cnt! must be 3%-

36% and 38y, respectively.

As is seen in the jet-cooled excitation spectrum of ST,
the § — S excitation spectrum ofc-mDVB, the intensities
of the combination bands of the beftdtorsion are much larger
than those of either the overtones of the bends and torsions

. . . i 0,
respectively. The frequencies of the assigned bands observednemselves for both theand h modes. However, in the"®
in these spectra are given in Table 4. These spectra share many VLF Spectrum, the intensity of the overtones of the torsions

transitions to the same ground state levels. The lowest frequenc
transition from 26, and 253026 occurs at 56 cm! in the
ground state. This transition is assigned teg2 the lowest
frequency mode predicted by DFT calculations, théoasion.
The next two common features in the SVLF spectra ¢%26
and 25026 are found at 130 and 214 crh and (by comparison

to the anharmonicity of the torsion in ST¥} these are assigned
to dvys and 656, respectively. The next fairly strong feature
observed in all three SVLF spectra occurs at 439tend is
assigned to s This assignment is consistent with DFT
calculations that prediats, the a-bend, to have a frequency
of 221 cnt. Given thatvps andv,e are approximately 221 and
28 cnTl, we expectys + voe Will occur at approximately 249
cm~L. This leads to the assignment of the fairly strong transition
at 247 cn1! observed in all three of the SVLF spectratg +

VS much larger than those due to either the overtone of the bend

or the bend+ torsion combination bands. This is another
manifestation of the Duschinsky mixing. Moreover, the frequen-
cies of the two torsions iec-nDVB, vy andvsg, increase by
a factor of 2.5-3.5 in the excited state, while the-bend,v3s,
decreases by a factor of 1.6. These changes in the excited state
are consistent with STY whose bend decreases by a factor of
~2 and torsion increases by a factor-e#t.2 However, unlike
in STY, the a-bend,v3s, increases only slightly in the excited
state incc-mDVB.

tt-mDVB and t-pDVBAs in cccmDVB, in tt-mDVB and
t-pDVB, the @ SVLF (Figure 7c,d) and the;S— S excitation
(Figure 6c¢,d) spectra are also dominated by totally symmetric
in-plane fundamentals and combinations/even overtones of oop
vibrations. Firm assignments of many of the transitions observed

v26. The two last common features in these SVLF spectra are in the excitation spectra were made by taking SVLF from the

observed at 308 and 390 ci which we assign teys + 3vzs

corresponding transitions in both conformers. The frequencies

andv,s + 5vz6 respectively. These assignments are consistent of these transitions and the corresponding ground state transi-

with the anharmonicity observed ine.

tions are given in Tables 2 and 3.

Given the intensities of cross-sequence bands in the SVLF The remaining prominent features in the excitation spectra

spectra of 2& (at+175 cntl), 251,26% (at +319 cnTl), 25,
(at +462 cntl), the Duschinsky mixing of,s and v, in the

of tt-mDVB andt-pDVB are due to overtones and combination
bands involving the oop torsions and bending modes. Figures
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TABLE 4: Selected Low-Frequency Assignments of Transitions Observed in the SVLF Spectra Following Excitation of the
Indicated Transitions of cccmDVB

36% 35,36% 35
Av (cm™) mode Av (cm™) mode Av (cm™) mode
0 36% 0 35,36% 0 35
81 36, 81 35036% 81 3%036°%,
186 36, 186 350,364 186 35,36%
207 39,36% 207 35,364 207 35,36%
302 39,36%3,36% 309 35,36%, 35436% 309 35,36%
341 39,36% 341 35,36% 341 35,
416437 39,36%, 36%, 35:36% 429 35,36's, 35'436%, 3536% 430 38,36%, 35136
26% 25126% 25,
Av (cm™?) mode Av (cm™) mode Av (cm™) mode
0 26% 0 25526% 0 25
56 26, 56 25026%, 247 25,26%
130 26, 130 25,26Y 309 25,26%
214 266 214 25,26 390 25126%
247 29:26% 247 25,264 439 25,
308 29126 308 25,26
390 29,26 390 25,265
439 29,26% 439 25,26%

9 and 10 present the SVLF spectra from the combinations/ mDVB are symmetry allowed. Furthermore, what used to be
restricted to in-phase and out-of-phase motions of both vinyl
useful in making ground state assignments of the oop torsionsgroups in the other conformers may now be partially or
and bends. Frequencies of assigned transitions are listed incompletely localized on one or the other vinyl group.

overtones of oop transitions ttmDVB andt-pDVB that were

Tables 5 and 6. The FC activity, anharmonicity, and Duschinsky

Firm assignments to the &undamentals, 33, 34%, 35,

mixing observed in these spectra are similar to those in observedand 37, were made in a straightforward fashion from the SVLF

in STY?3 and cc-mDVB and therefore will not be discussed
further here.

ct-mDVB.The UVHB (Figure 6b) andQ SVLF (Figure 7b)
spectra ofct-mDVB are dominated by in-plane fundamentals.
Frequencies ott-mDVB fundamentals are given in Table 3.
By comparison tdt- andcc-nDVB, ct-mDVB is of Cs rather
thanC,, symmetry. Therefore, all in-plane fundamentalsbf

Relative Dispersed Fluorescence Intensity (arbitrary units)

of (a) 36, (at +128 cn1?), (b) 35,36 (at +275 cnr?), (c) 26, (at
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Figure 9. Assignments to out-of-plane vibrations observed in the SVLF Figure 10. Assignments to out-of-plane vibrations observed in the
SVLF of (a) 28, (at +113 cnT?), (b) 27:28% (at +210 cnT?Y), (C)
36% (at +245 cnt?), and (d) 3%36% (at +376 cnt?) of t-pDVB.
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spectra of these transitions. Additionally, assignments g, 32

31%, 29, and 23, were made by comparison to the frequency
shifts and FC activity ift-m-, cc-m5 andt-pDVB. Descriptions

and frequencies of these transitions are given in Table 3.
Because of the small signal size @fnDVB relative tocc-

mDVB and the number of overlapping bands witt-nDVB,
there is only one low-frequency band,-8266 cnt?, in which
a clean SVLF spectrum could be taken that is due to a
combination of oop modes. Assignments to bands observed in

a, modes

o

) 35'436', R
n
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TABLE 5: Selected Low-Frequency Assignments of Transitions Observed in the SVLF at-mDVB

36% 35%36% 26% 254264
Av (cm™) mode Av(cm™) mode Av (cm™) mode Av (cm™) mode
0 360 0 35,36% 0 26 0 25426%
57 36, 57 35036% 57 26036% 57 25036%,
90 26,36% 90 26,3536 90 26, 90 25026%,
126 36, 126 35036% 197 26, 197 250264
202 366 202 350,36% 240 29,26% 240 25,264
220 3%9,36% 220 35,364 314 266 314 25026%
285 3%,36% 285 35,36% 340 28,267 340 25,26'
356 39,36% 356 35,36% 395 29,267 395 25,26%
384 35,36% 384 35,361, 449 25,26%(?) 449 25,26(?)
434 3%9,36% 434 35,36% 483 29,26 483 25,26%
TABLE 6: Selected Low-Frequency Assignments of Transitions Observed in the SVLF afpDVB
28 27%28% 36% 35%36%
Av (cm™?) mode Av (cm™?) mode Av (cm™?) mode Av (cm™Y) mode
0 2&, 0 27,28 0 36 0 35,36%
60 28, 60 27,284 98 36, 98 35036%
130 28, 130 271528 213 364 213 350364
162 27284 162 27284 259 19,36% 336 354136',35',36%
205 28 205 27,28 332 39,36%1,36% 432 359,36%
265 2728 229 27,28, 432 35,36% 549 35,36'
330 27,28, 265 27,284 565 33,36% 565 33,36%
428 273284 301 27,28'5
428 275284

this spectrum are more complicated than in related SVLF spectraanharmonicity invs,, the two bands at 297 and 384 chin
of cc- and tt-mDVB due to the increased number of cross- the+266 cnmt! SVLF spectrum are assigneditg, + 3vs, and
sequences observed in this lower symmetry isomer. The vs;+ 5vss. This leads to the assignment of #:@66 cnt! band
assignments that follow are necessarily tentative. However, it in the § — Sy excitation spectrum to 3g54%,. Therefore, the
is worthwhile to discuss them for comparison to the othBvB transition at 155 cm! observed in thet266 cnt! SVLF
conformers. spectrum is assigned to %34%,.2°

The+266 cnT* SVLF spectrum is shown in Figure 11b along  ¢-pDVB.As mentioned above, there are bands in the UVHB
with the @ SVLF (Figure 11a) for comparison. Both spectra  spectrum ofpDVB that do not holeburn out withpDVB. We
have in common transitions at 87, 191, and 319 &mwhich have tentatively assigned these bands as belongiogB/B.
by comparison tacc- and tt-mDVB, we assign to the short  The furthest red-shifted transition, which occurs at 32 62t%cm
progression ofs3 (torsion ofcis-vinyl group), with 2, 4, and 6 s tentatively assigned to th&Qransition ofc-pDVB. The origin
quanta, respectively. In thé266 cnt* SVLF spectrum, the  transition is not, however, the strongest transition observed. Two
strongest transition occurs at 367 tnThis band is assgned bands at 484 and 572 crhabove the origin are much larger
to atransition to the first overtone e, the Out-of-plhase vinyl than the origin itself. These transitions probably gain intensity
bend. The DFT calculated value of, is 181 cnt™. In bpth through vibronic coupling with the;State. This notion is further
SVLF spectra there are also bands. at 70 and 2.181’CWh'Ch supported by the predictions of Nguyen and co-worketsat
are assigned to transitions tes¢(torsion oftransvinyl group) (by extension of Platt’s rule) the transition dipole moment of
and vs, + vs4, respectively. In accordance with the expected c-pDVB lies along theb-axis and the Sstate is &L, state (the
state of lower oscillator strength). If vibronic coupling with the
a) 0% 1L, state is responsible for the two very intense transitions at
484 and 572 cm! above the origin, then the corresponding
vibrations must be of bsymmetry. DFT calculations predict
two b, modes at 494 and 623 crhthat we tentatively assign
to the observed 484 and 572 chbands. These modes are the
C1—Cy=C;s bend (2% in STY) and ring deformation (26 in
STY and 6By in benzene), respectively.

Further support to these assignments is found if we look at
other substituted benzenes, suclp-aethynylbenzenepDEB),
phenylacetylene (PA), and-ethynylstyrene ¢ES), which all
have strong vibronic coupling. IpDEB the strongest vibroni-
cally induced transition in the excitation spectrum isio2at
492 cn1t, wherevyis the G—C,=Cg bending modé! In PA,
the corresponding mode igs, and in the excitation spectrum

of PA the 33 (at 492 cm?) transition is also vibronically
0 100 200 300 400 500 induced?? In the excitation spectrum aES, a strong band at
Wavenumbers above ZPL/cm-! 537 cnrlis assigned as a vibronically induced transition',28

Figure 11. SVLF spectra from the (afand (b) & +266 cnt! bands wherevg is a ring angle bending mode correspondingdein
of ct-mDVB. benzené.In PA, the corresponding mode ig4, and in the
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excitation spectrum of PA the 3#(at 556 cnT?) transition is TABLE 7: Fitting Parameters of the mDVB Potential

also vibronically induced? Surface

3. Torsional Barrier Fitting. With many of the vinyl fit of relaxed ) )
torsional levels in the conformers ofDVB assigned, it is a PES (cn?) fit to experiment (cm’)
natural next step to use these energy levels to attempt a fit to a___Parameters fit1e fit 2° fit 3¢
model two-dimensional potential for the torsional degrees of V. 1387 671+ 30 695+ 70
freedom ofmDVB. V3 —15 —9+6 16+ 10

In order to assess the task before us, it is helpful to review Va ~258 —230+11 —207+30
briefly the way in which torsional energy levels have been used Ve 14 ~120£20  —48+35

. . . : - - Vo 2 -3+1 15+ 7

to determine one-dimensional potential functions for hindered s, -1 1942 43+ 6
rotation. Such fitting has been carried out successfully in Vo, -2 11+2 -50+5
molecules such as styrene;, m- and p-fluorostyrene, p- DFT symmetry no yes
methoxystyrene, ang-methylstyren&3-27 In m-fluorostyrene 1D barriers 13081367 904-920 754-828
where thecis and trans conformers are spectroscopically 2D barriers 27432790 13371340 1376-1405
distinguishable, the following potential form was uséd: aFit to the DFT computed relaxed PES. All error is less than I'cm

bFit of the observed torsional levels without rotation of the wave
1 functions. The indicated errors are one standard deviation, assuming
2 .
V(0) = -V, (1 — cosfo)) uncorrelated parameteng;, Vs, andVc are highly correlated. See text
=16 and Figure 13 for further discussiohkit of the observed torsional
’ levels with rotation of the wave functions.

With this form of the potential, the barrier heights are TABLE 8: Observed and Calculated Torsional Levels in
determined by, , while theV; andV; terms set the relative  mDVB

energies of the conformational minima. Thig term changes species- fit2 caled fit3caled obsd data
the shape of the conformer wells, flattening the bottom of the mode transiton  (cm1)d (cmry)e (cmY)
wells for smallV, and producing a double minimum wh&f

> 1\, The quality of the fit to such a potential form is cove 8_% f—,g é; éz
improved as the number of torsional levels increases, thereby 0-3 95 94 88
sampling levels nearer the top of the barrier.ckm-fluoro- 0-4 133 131 130
styrene, torsional levels were observed up to aBauof the 0-5 172 170 170
barrier heigh®’ In such a circumstance, the energy levels are o 8:2 2%;" 2%; 2;;
not yet perturbed by the presence of the other well. As a result, % 0—2 80 82 81
the relative energies of thads andtrans minima were poorly 0-3 131 131 139
constrained. Thud/; andVs in c-m{fluorostyrene were reported 0-4 186 184 186
as ranges of possible values with large uncertainty in the relative t-Viow 0-1 26 17 27
energies of the minima. We anticipate a similar limitation in 0-2 95 50 57
- . . 0-3 90 88 92

our _2D fitting in the abser_m_e of other constraints that set the 0—4 127 130 126
relative energies of the minima. 0-5 166 175 168
The other point driven home by the styrene derivatives studied tt-vhign 0-6 207 223 202
previously is the importance of having all the low-lying torsional 0-1 43 48 39
levels assigned, including those that possess both even and odd 8*5 133 13‘; 1%%
numbers of torsional quanta. Since the vinyl torsion is an out- 0:4 195 190 197
of-plane vibration, transitions involving the torsion appear ina ¢t 0-1 27 26 3%
vibronically resolved spectrum only withy = even quantum 0-2 57 63 70
number changes. Transitions beginning or ending # odd Ct-vss 0-1 40 39 3r
then appear only via hot bands or sequence bands or in 0-2 86 84 86

average error 4% 7%

combination with another out-of-plane vibration of the same
symmetry. In the absence of such data, there is a considerable @ Determined from hot bands. Observed error is twice that of known
uncertainty in the shape of the potential near the bottom of the levels due to assumption of harm_onic behavior required to determine
well, since the same-2 spacing could be accommodated by ~the frequency of the hot bandsEstimated values far = 1 were used

. S to constrain the fit to a near planar structure. The observed error is
different V>/V, combinations that compensate for one another. twice that of other known levels to account for the estimated value.

mDVB shares a planar equilibrium structure with the styrene < gstimated values from combination bands with the bend of the same
derivatives studied previoust.Under jet-cooled conditions,  symmetry and the value for the = 1 level. The observed error is

the vast majority of the population resides in the zero-point level twice that of other known levels to account for the estimated value.
in the ground state, and hence vibronic transitions to even- ¢ See Table 7 and the text for an explanation of fit 2 and fit 3.
numbered quanta are observed. In tieeconformer, the 2§

and 35,36%; hot bands were observable, establishifig= 1 in poorly constrained than icc, based only on combination bands
the v, andvss torsions. Furthermore, odd quanta of the torsions With the vinyl bends. In attempts to constrain the fit to a planar
also appear in combination with the vinyl bends of the same Structurel® estimated values of the= 1 levels in thett andct
symmetry. By assuming that the vinyl bends are harmonic, one wells were included in the fit at twice the error of the even
can deduce the energies of the odd quanta torsional levels. Thes¢evels.

odd levels were included in the fit with an error twice that of There are far fewer examples of two-dimensional torsional
the even quanta levels to account for uncertainties in the crossfitting in the literature. Most examples include two symmetric
anharmonicities associated with the combination bands (Tablemethyl rotors?® however, there are two examples of the two-
8). In thett and ct wells, the analogous hot bands were not dimensional torsional potential fitting forans-stilbene that bear
clearly assigned, leaving the odd quanta torsional levels morea closer resemblance to the present circumst&htdn cases
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where there are two symmetric rotors, the following potential beyond this:
form has been used; 30

1
V(6,,0,) = ZEV"(Z — cosfid,) — cosd,)) +

1
V(6,,0,) = Z—VH(Z — cosff,) — cosf,)) + nm
w2 V;{(cosd,) cosmd,) + cosd,) cosf,)) +
V(1 — cosfb,) cosfb,)) + Vi, (1 — sin(nd,) sin(nd,)) V2 (sin(Ay) sin(md,) + sin(mdy) sinnd,))
In transstilbene?® the potential function was fit using This fit included even and odd values ofup to 10 for the

Meyer’'s two-dimensional flexible modét. As a first step in V, terms and values of up to+ m = 4 for the cross terms. Of
the study of Orlandi et af? the terms of most importance were  the “odd” V,, terms, onlyn = 3 was significantly different than

form. In the case ofransstilbene, the best-fit two-dimensional  gsjonal level structure. In practice, it was possible to obtain a

potential had the following forn? fit of good quality using only thé/;> and Vs, cross terms. As
1 a result, a final fit to the calculated surface was carried out with
V(6,,0,) = Z 5 (2 — cosf,) — cosfb,)) + the following form,
n=2,4 1
V(1 — cos(d),) cos(D,)) V(6,,0,) = Z EV”(Z — cosfif,) — cosid,)) + Veoes
n=2—-4

with V, = 1727(40),V4 = —447(12), andv12 = 48(3).

In our study ofmDVB we use the same approach. The 2D
torsional potential fomDVB is somewhat more complicated
than that intrans-stilbene because the vinyl groups themselves

where

V{,(cos6, cos D, + cos D, cosb,) +

cross™

are asymmetric planar substituents, whereas the phenyl substit- ViAsin 6, sin 20, + sin 29, sin6,) +
uents intrans-stilbene are symmetric. As a result, there are three VE,(cos D, cos B,) + VS,(sin 29, sin 29,)

. . . . . 22! 1 2 22 1 2
unique energies for the spectroscopically distinguishable
minima: V(cc) = V(tt) = V(ct) = V(tc). Furthermore, the first- The values of each parameter from the fit to the DFT potential
order transition states fall into two inequivalent groups, with surface are given in Table 7 (fit 1). With this fit in hand, the
V(dc) = V(uc) = V(cd) = V(cu), while V(tu) = V(td) = V(dt) potential parameters from the fit were used as starting values

= V(ut), where “u” and “d” refer to up and down, respectively. in Meyer’s flexible models prografi,which was adapted to a
In what follows, we will call these “1D-barriers” because the least-squares fitting routine to vary these potential parameters
minimum energy pathway between conformational wells that in order to best match the observed ground state torsional
traverses these transition states involves motion along only oneenergies. In order to be sure that the computed energy levels
of the torsional coordinates. Finally, isomerization fremto were being compared with the correct experimental levels,
tt along thef;= 6, diagonal (a symmetry axis) encounters the assignments to each torsional level were made by analysis of
C, symmetry second-order transition state labeled ud or du (in the symmetries and nodal patterns of each level for each
which one vinyl group is above the plane and one is below), iteration. In the flexible model program a 13 13 grid size
whereas isomerization along the= —6, diagonal (b symmetry over the center of each welt /2 was used with 35 energy
axis) encounters th€s symmetry transition state (with both levels calculated for each step (see ref 31 for a full explanation
vinyl groups above or below the plane, labeled dd or uu). of the flexible models program). This grid size was chosen at
In practice, the calculated asymmetry to the potential is quite the outset in order to maximize the efficiency of the calculations
small. For instance, the calculated energies ofGh@d) and without compromising accuracy. The 2313 grid provided a
Cs(uu) transition states are within7 cn? of each other at  grid sufficiently closely spaced that the energy levels were
~2800 cnrt (~2600 cn! with ZPE), predicting that there is  unchanged with further increases in the number of grid points.
only small coupling between the two torsional motions. As an additional check, once the best fit was obtained, a single
Furthermore, all of the first-order transition states are also very point calculation at a 26< 26 grid size was used to verify

close in energy at about1380 cnt? (~1280 cnr! with ZPE). convergence.

Even the computed values of tle, tt, andct minima, which When the initial values from the fit to the B3LYP/6-3G*

we have demonstrated to be spectroscopically distinguishablecalculations were used as starting input for the fitting routine,
from one another, are quite close in energy witAndct (=tc) the symmetries of thec andtt torsional modes were inconsistent

within ~5 cn ! (~20 cnm? with ZPE) of each other and the  with the computed ordering based on the normal mode calcula-
cc minimum about~62 cnT?! (75 cnT! with ZPE) higher in tions. This inconsistency points out the difficulty in using a
energy. relaxed potential energy surface (which allows for energy

Because there are three spectroscopically distinct conforma-optimization in all other degrees of freedom) as a starting point
tional wells with unique torsional level spacing in each, the for match-up with either harmonic vibrational frequency cal-
functional form we use for the 2D potential should be flexible culations or experiment. At the same time, it is possible that
enough to change the shape and relative energy of each wellthe DFT B3LYP calculations do not predict the torsional
At the same time, given our limited number of observed frequencies to have the correct order. As a result, two fits were
torsional levels, it is necessary to keep the number of terms in attempted, one ignoring the vibrational symmetry switch (by
the potential as small as possible. In order to determine which not reassigning the torsional levels during the fitting process,
terms are essential, we first carried out a fit to the calculated Table 7, fit 2) and one which required the torsional levels to
surface using the following general form, which retains the have the symmetry/energy ordering as the DFT calculations
necessary symmetry with respect to exchange but assumes littlgTable 7, fit 3).
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v=0

V=1

Figure 12. Contour plots of thev = 0 andv = 1 wave functions
calculated from fit 3 illustrating the rotation of the wave functions in
cc-, tt-, andct-mDVB.

The fitting parameters of the first fit to the observed levels
are given in Table 7 fit 2, and the frequencies are given in Table
8 fit 2. In this fit, the barriers for 1D-isomerization lie between
904 and 920 cmt, and the barriers along the diagonals are only
about 400 cm! higher. The shape of the PES is quite different
from the DFT B3LYP predictions where the diagonal barriers
are approximately twice the 1D-barriers.

In fit 3 (Tables 7 and 8), where the normal mode calculated
symmetries were required, the resulting form of the vibrations
was correct in all three wells; that is, the best fit parameters
properly accounted for the rotation of the vibrational wave
functions in all three isomeric wells. In particular, the more
nearly rectangular shape of thet*well results in a rotation of
the normal mode directions to localize the two torsional modes
on the inequivalent vinyl groups. The= 0 andv = 1 wave
functions for both torsional modes of each isomer are shown
in Figure 12. In this fit, the barriers associated with the first-
order transition states (e.ggu” or “dt”) are again much lower
than the DFT calculations at 75828 cnt!; however, the shape
of the PES is more nearly similar to the predictions of the

Selby et al.

900 1100 1300
V,/em’!

700

Figure 13. Plot of the acceptable sets afy( V.) values for @) V;, =
—200 cnt, (A) V3, = —100 cnT?, (@) V5, = 0 cn?, () V5, = 100
cm, and @) V;, = 200 cnt! with contour plots shown of the
average percent error of the fit to experiment. See the text for further
discussion.

parameter sets associated with 1D barriers ranging from 500 to
1400 cnrl,

Discussion and Conclusions

The purposes of this study were to find the “missing”
conformations ofm- andpDVB, to characterize the conforma-
tion specific ultraviolet spectroscopy of all the isomers in both
the ground and the excited electronic states, and to determine
the barrier tocis — trans isomerization by fitting the €-C,
torsional levels to a two-dimensional potential form. The
ultraviolet holeburning studies revealed that there are, indeed,
three conformers omDVB and two conformers ofpDVB
present in the supersonic expansion. These results are consistent
with the predictions of DFT B3LYP calculations in that the
energy differences in the three conformersrdVB are small
(<75 cnml) and are likewise for the two conformersudVB.

The transitions due to the missing conformers have been
found and assigned, and conformation-specific data are now
available on the entire array of disubstituted isomers diethynyl-
benzene, ethynylstyrene, and divinylbenzene. The frequencies
of the § — & origins of the missing conformers fall into
patterns that make sense relative to other members of this series
(see Figure 10 in ref 8). In particular, mDVB, theftt, ct, and
cc conformers have S— S origins at 32 164, 31 856, and
31 408 cml, respectively. Thus, while the relative energies of

relaxed potential energy surface in that the diagonal barriers the three conformers ahDVB are nearly isoenergetic in the

are about twice the 1D-barriers.

The errors listed in Table 7 are derived frg@hcalculations
assuming that the fit parametews, V4, and Vs, are uncorre-

lated. However, the results from the gradient-based least-square

fitting routine indicate that these three parameters are highly
correlated with one another, with a correlation parameter of
—0.89 for Vo/Vy, +0.95 for Vo/Vs,, and —0.75 for V4/Vs,. In

order to test the range of parameters that support torsional level
structure that fit the observed levels near the experimental error ih o «

a series of single-point calculations were carried out over a grid
of values about the “best fitt/,, V4, and V5, values. Figure 13

ground electronic state (see the following paper),abandct
isomers are about 750 and 300 ¢nmore stable in Sthan the
tt conformer. Unfortunately, as was noted previously for the

giethynylbenzene@, CIS calculations invert the order of the
I

rst two excited states relative to experiment, lending little
confidence to such calculations providing the basis for an
explanation of these trends. This would be a worthwhile subject
of a future computational investigation.

The relative intensities of the transitions ascribable to both
missing” ct-mDVB and c-pDVB isomers were much
smaller than those of the other conformations (Figures 4 and
5). Initially, this was a puzzling result because the calculated

plots sets of potential parameters that had an average error ingnergy differences for all the isomers are very small. As

the 24 fit levels of less than 13% and a variance of less than
100 cnT2. The linear plot links grid points that share the same
V5, value, highlighting the linear correlation betwe¥p and

V, (with V4 = —0.26V,). For theVs, = 0 line, the 1D barriers
are given byV,, while the 2D barrier is ¥,. The important

discussed above, itrpDVB this reduced intensity in the R2PI
spectrum may be explained by a smaller oscillator strength for
the $—S; transition inc-pDVB than in t-pDVB. In fact, the
small origin transition inc-pDVB is compensated by higher-
lying vibronic transitions that are significantly larger than the

deduction to be drawn from these plots is that the observed tentatively assigned:S— S origin, presumably due to vibronic

torsional level structure can be fit by a rather wide range of

coupling to $. This result was anticipated in the first studies
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of the divinylbenzenes by Nguyen and co-work&Jhese Supporting Information Available: Infrared hole-filling
authors noted that sizable changes in oscillator strength betweerexperiments that show the populations of the thre@VB
conformers could occur because both the direction and mag-conformers are approximately equal and SVLF scans of several
nitude of the transition dipole moments are affected by the bands inmDVB. This material is available free of charge via
relative position and orientation of the asymmetric vinyl the Internet at http://pubs.acs.org.

substituents. This arises because of changes in the amount of
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