2676 J. Phys. Chem. R002,106, 2676-2684

Theoretical Analysis of the CH Stretching Overtone Vibration of 1,2-Dichloroethylene
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The intensity of the CH stretching overtone spectra of liguigedichloroethylene is known to be greater than

that of the trans isomer, even though the transition energies are almost the same. To obtain theoretical insight
on this feature, we performed a vibrational calculation under the local mode model, which is preferred for
describing vibration of lightheavy bonds, using the grid method and the potential energy surface (PES) and
the dipole moment function (DMF) calculated by hybrid density functional theory method. It was determined
that the DMF, in the direction perpendicular to the CC bond, was significantly distorted from linearity as a
function of the CH bond length. This distortion, which is regarded as the electric anharmonicity, was greater
for the cis isomer, thus giving a stronger overtone absorption intensity for this isomer. In addition, the numerical
accuracy in representing the PES and DMF was discussed for the overtone vibrational calculation.

1. Introduction integrated intensities of the cis isomer were greater than those
of the trans isomer by a factor of £2.0.

The present work is intended to obtain further insight on this
| curious experimental result. It is expected that a simple local
mode model, in which the XH vibration is described by a single
anharmonic oscillator, would be sufficient for the calculation
of the CH vibration in 1,2-dichloroethylene. This is because
the two CH bonds with high stretching frequency are on
different atoms; thus, the effect of the coupling between these
two CH bonds and with other parts of the molecule can be very
small. Because the integrated intensities of overtones are very

For the calculation of the intensities of vibrational transitions,
both the vibrational wave function and the dipole moment
function (DMF) are essential issues. For the fundamenta
transitions, the intensities are readily derived from the ab initio
potential energy surface (PES) and the ab initio DMF under
the harmonic approximation using normal coordinates.

In treating stretching overtone vibration of molecules with
XH bonds, where X= C,0 and so on, the local mode model,
in which the vibrational wave function is described as a product

of anharmonic oscillators using internal coordinates, has shown sensitive to the vibrational wave function and the DMF, to fully

great success.” Kjaergaard et al. have used the harmonic incorporate the ab initio results, we obtained the one-dimensional
coupled anharmonic oscillator (HCAO) model to predict the vibra?ional states by numerically solving the Stliirger

transition energies and the intensities of several simple molecules . NN . - .
such as KO, H,O, NHs, and CHO 56 In their calculation, the equation. Vibrational calculation using the grid method was

parameters of their vibrational wave function, a product of pmegﬁggege%gsgs PaEs?czrllgulzi\iﬂoisc?)lr?utlrﬁ;e?eggj ri]zh%?/vg]étlgle
Morse oscillators, were determined from the fit to the observed ; P

peak positions, while the intensities were calculated from the fnuenec(:io?lfale tlﬁgg?n ([c;c;r_ltt)als]tgﬁb\:jvel tuﬁaeg atlkr]:agytl))r:aind?gsgﬁe d
DMF obtained by fitting the calculated ab initio dipole moment y : y P

derivatives around the equilibrium structure to a series of that the hybrid functionals produce results as good as the MP2

expansions in the displacement coordinates. Recently, theyme'[hod for: funda}.metr)\.tlgl fr(?q#err\]ub@sljgfthls yvay,lthls clan be d
calculated the CH overtone spectra of naphthalene, anthracene‘fb1 tezt lont lfapp icability of the hybrid functionals at elongate
and their cations by using Morse parameters obtained from ab ond lengths. ) )

initio calculation” However, overtone vibration calculations Moreover, we must consider the fact that the experimental

using both PES and DMF determined from ab initio calculations esults are for the liquid phase. The Onsager mddeis been
are still very rare. used to incorporate solvation effects into ab initio calcula#idn

Upon examining the vibrational spectra of several representa- in the form Of. t_he gelf-consigtent reaction field (SCRF) method.
tive liquid hydrocarbons with various kinds of CH oscillators, T urther modifications to this theory have been used for the
Burberry et al. suggested a “universal intensity concept”: for a 3¢Cur ate calcu!atlolr; of thg funqamental freque.ncy .a.nd Intensity
given CH stretching overtone transition, a single absorption crossfor dilute Sﬁlu(;'?ns' V|Ve l'nYeSt'ﬁated the app Ilcab'.l'.ty of fthe
section per CH oscillator, regardless of type, could account for ?C%F method for calculating the overtone intensities of pure
the observed spectral intensity at quantum levets 3, 4, 5, Iquid. _ _ _
and 68 However, overtone spectra of liquics- and trans In recent atmospheric studies, the absorption of overtone
dichloroethylene measured by use of a photon-counting absor-bands of OH stretching modes is being investigated with great

bance spectrophotometéf by Okada, Yamamoto, and Tsub-  interest:®~?! For example, overtone absorption by water clusters
omura showed results in contradiction to this conééfithe is thought to account for the difference between the observed

and the modeled absorption of sun light by the atmosphere.

*To whom correspondence should be addressed. E-mail: yabusita@ HOWever, obtaining the experimental absorption intensity for
chem.keio.ac.jp. Fax:+81-45-566-1697. each cluster, for example, dimer, trimer and so on, is difficult.
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Figure 1. Schematic diagram of (&)s- and (b)trans-dichloroethylene
and the atom labeling used in this paper. Kepordinate was taken
along the CC bond, while thecoordinate was taken perpendicular to

the CC bond. The origin was taken at the center of the CC bond. The

variation of the bond distance was considered to be on jivé, ®ond.

Furthermore, one of the sources of atmospheric radicals in low-

light conditions has been reported to be overtone-initiated
photodissociation process€sThus, the knowledge of accurate

absorption intensities on these transitions is key to accessing
the significance of these processes in the atmosphere. With the

intent to apply the present vibrational calculation method to
those problems in our future study, the numerical efficiency

and accuracy of the grid method were examined. Because
several recent theoretical calculations on overtone intensities

have used PES and DMF obtained by fitting ab initio data onto
analytical functiong;?>23we examined particularly the sensitiv-
ity of the vibrational calculation results on the incorporation
method of the ab initio data.

2. Theory and Computational Method

2.1. Simple Local Mode Model.Under the local mode
model, the CH stretching part of the vibrational wave function
of 1,2-dichloroethylene is written as a product of two one-
dimensional wave functions, namely,

PYir)yy(rp) or yi(rYyi(ry) (1)

wherer; andr; are the CH bond length coordinates, arahd

j stand for the quantum numbers. Because these product wave

functions in local mode do not reflect the molecular symmetry,
it should be symmetry-adaptétiConsideringcis-dichloroeth-
ylene C,,), for example, the following symmetry adapted linear
combination would be expected for= |

WA(ryr) = %z{wi(rl)wj(r» FynE) @
WE(ryr) = %Z{wi(rl)wj(r» — )} Q)

and fori = j
LIJAl(rlvrz) = Pi(r)yi(ry). (4)

As for trans-dichloroethylene €y,), the labeling of the repre-
sentation in the above wave functions should be changed as
follows: Ay — Ay, B; — B..

The coordinates are taken so that they belong to symmetry
species of the molecule, as seen in Figure 1. Considering the
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cis isomer, once again, theandy components of the dipole
moment function have the following symmetry property:

(B, (5)
(A) (6)

;ux(rl'rZ) = _fux(rZ’rl)

‘uy(rl’rZ) = ‘uy(rZ’rl)
Thewv quantum excited states from the zero-point vibration state

(Wo(ri,r2) = po(ri)wo(rz)), expected to account for the overtone
intensity, are

WA, r) = %{%(rl)wo(rz) o)l (@)
and
WErLr) = = (F)P(r) — PoTP ()} ()

V2

Thereby, the transition moment betwe#g and 11151 is
(W ol W7 0= %2 S ot Yol duar Lt ) (r)v(r)
= Po(r)y,(rp)] drydr, (9)
= %[ffwo(r1)¢o(r2).“x(r11rz)wy(rl)y)o(rz) dr, dr,
- ffwo(rﬁwo(rz)ﬂx(rlir2)1/’o(r1)’/)y(r2) dr,dr,] (10)

In the second integration, the bond coordinates are exchanged

ffV}o(r1)1/)o(r2)#x(r11r2)1/)o(r1)1/)u(r2) dry dr,
= ff’/’o(rz)wo(rl)ﬂx(errDU’o(rz)wy(rD dr, dry
= ff’/’o(rl)wo(rz)[_ﬂx(rl’rz)]wy(rl)wo(rz) dr, dr,

thus yielding

(11)

ElponWSlD: X fowo(rﬂl/’o(rz)ﬂx(rlv 2) X
P (r)o(r,) dry dr,
= 2f¢o(r1)ﬂ’x(r1)1/)v(r1) dr, (12)

where

wry) = f’/’o(rz)ﬂx(rlarz)WO(rz) dr,

In the present calculation, as usual, we assume the following
equation:

(13)

lu'x(rl) = /’tx(r11r2ecP (14)

namely, the expectation value of the second CH bond distance

r, in the ground vibrational state is equal to the one at the

potential minimum. Therefore, the two-dimensional integration

of the transition moment becomes a one-dimensional integration
of

(W ol W= V2 [or (Tl et (ry) dry - (15)
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In the same way, we have

[Wolity | W= V2 [o(r YTy oot (1) dry  (16)

As for the trans isomerQyy), the x andy components of the
DMF have the following symmetry property:

(B
(B,

UN1,1) = —py(rF 1) (17)

/’Ly(rl’rZ) = _:uy(rZ'rl) (18)

Thereby, the transition moment betwe¥fy and Wﬁg is zero,
and the transition moment betwedH, and W™ has two
components:

(W |1, W= V2 [Po(r YTl et (1) dry - (19)

(W oty | W0 V2 [ ot )ity (1.0 et (1) 0y (20)

Takahashi et al.

+ 0.8 A). We consider the Schilinger equation for one-
dimensional molecular vibration

R d?
Hy,(r) = [— 2m g +V(O) |y () =Ep, () (24)

wheremandV(r) are the reduced mass and the potential function
(PES), respectively. The matrix element of the kinetic energy
operator has a banded form and is calculated by the finite
difference approximatio®? 2’ From the fifth-order finite dif-
ference approximation, the second derivativérgdfis given as

—526
1800

do? 1 5 -5 5
d_r2|riD= A_rz[ rtH+ §|riﬂD+ zlri:tZEH_ He”i:t?:[H_

-5 1
100éri:t4|]+ 315driisq] (25)
The potential energy matrix is a diagonal matrix, where the

matrix element is the potential energy at each grid point. These
values are obtained by sixth-order divided difference interpola-

In summary, the transition moment is obtained from the ab initio tjon28.29 of the 16 ab initio single-point calculation results
DMF calculated by varying one CH bond distance while keeping described in section 2.4. This was done by the “Interpolation-

the other at the equilibrium length.
Because th&”* andW®: states for the cis isomer are almost

[data]” function built in theMathematicaprogram. Following
the diagonalization of the Hamiltonian matrix, the eigenvector

degenerate and cannot be distinguished experimentally, weelements of the-th state,(r;), are used to calculate the one-
calculated the sum of the integrated absorption coefficient dimensional transition moment in eq 22. The DMF matrix

(km mol™1) for both states, given by

3

— by Y —AJT 23 =
A=1n10[€(®) d¥ = 555 50amc ol To

2.506 639 488, |°7,, (21)
wheree(P) is the molar extinction coefficienty, is the transition

energy in cm! and |uo,|? is the sum of the squared transition
moment of thex andy component in debyeunits. From the

discussion above, for both cis and trans isomers, we deduce

the following equation using the simple local mode model.
A=2.506 639 488« 2 x
{1 Vol Dindroroegup,(ry) dri]® +
LS worduay(riraedw, () dryl} x 7, (22)

One would notice that the factor of 2 in front corresponds to

the fact that the total absorbance would become twice the
absorption of one CH bond. The values of the integrated

absorption coefficientA, which is given using the units km

mol~! throughout this paper, can be converted to the units cm

molecule! and to dimensionless oscillator strengths by 1.66
x 1071 cm molecule® mol km™ x A and 1.87x 107 mol
km™! x A, respectively.

2.2. Grid Method for Vibrational Calculation. All of the
following vibration calculations were performed using the grid
variational method®> 2?7 in which the wave function is treated
as a discrete sum,

grid
WJUD: wu(ri)“i':l

(23)

wherer; = rmin + (i—1)Ar. In the present calculation, we used
req— 0.94 bohr fomyi, and 0.01 bohr for the separation between
each grid pointAr. In total, 246 grid points were taken between
the range ofeq — 0.94 bohr(eq— 0.5 A) toreq+ 1.51 bohrfeq

becomes a diagonal matrix, just like the PES matrix above. Thus,

grid

Wolitly = Z’/’o(ri)'#(ri)"/)y(ri) (26)

Once again the values at each grid point are obtained from the
interpolation of the 16 ab initio single-point results. All of the
vibrational calculations were done on thiathematicgprogram.
2.3. Self-Consistent Reaction Field Methodn this model,
the solute is placed in a cavity, which is immersed in a
continuous medium with a dielectric constanin the present
calculation, we will take a sphere with a radiusaais the cavity.
The dipole moment of the solute will give an induced dipole in
the medium, and the electric field applied to the solute by the
solvent, the reaction field, will in turn interact with the dipole
of the solute, and lead to net stabilization. In the ab initio theory,
this solvent effect is taken in as an external field. With the use
of the Onsager modéf, the reaction field is written as

2(6_1)ﬂ
2¢+1 3

(27)

This is included into the ab initio calculation by adding a term
to the original Fock matrixF;, s

2(6 - 1)&
2¢+1 3

and is calculated until self-consistency is reached. One should
note that if the molecule in the cavity has a dipole moment of
zero, the reaction field would be zero. To perform this
calculation two parameters,ande, must be prepared.

2.4. Ab Initio Calculation. All of the ab initio calculations
were performed on the Gaussiarf®grogram. Throughout this
paper, bond lengths are given in angstroms, bond angles in
degrees, and dipole moments in debye. Calculations on 1,2-
dichloroethylene were performed by the B3PW/$E and the
B3LYP functional§!-33 using the aug-cc-pVTZ 36 basis set
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TABLE 1: Calculated and Experimental Geometry of -997.3
1,2-Dichloroethylene
. -997.4 ® —e—cis gas
Cis Isomer = trans gas
calcd exptl g 9975 @\}K e
B3PW91 gas B3PWO1 liq B3LYP gas ED MWP Z 9976 ‘“\@@W@ﬂ’éﬁ
CH, A 1.081 1.081 1.079  1.096 1.100 997.7
ccl, A 1.716 1.717 1.728 1.717 1.717
cc, A 1.325 1.324 1.324  1.337 1.319 997.8 ‘
OCCH, deg 120.4 120.5 120.6 120.3 123.2 0.5 1 1.5 2
JCCCI, deg 125.1 125.0 125.3 124.0 124.2 ) )

CH length(A)
Figure 2. The gas-phase potential energy surface (B3PW91/aug-cc-

Trans Isomer

caled exptl pVTZ) of cis- andtransdichloroethylene. The liquid-phase potential
B3PW91 gas B3LYP gas ED IR® energy surface (B3PW91l/aug-cc-pVTZ, SCRIPOLE) is shifted
CH A 1.080 1.078 1.092 1078 by adding 0.1 hartree. Markers for the cis isomer are shaded while
CCi A 1:725 1:738 1:725 1:740 those for the trans isomer are open.
CC,A 1.322 1.321 1.332 1.305

0.1 r

[JCCH, deg 123.8 1241 124.0 125.3
CCCI, deg 121.6 121.6 120.8 119.9 0 ‘ -
aElectron diffraction taken from ref 42.Microwave spectroscopy - - 0.0 0. 0.4 0.6\‘\0.’8
taken from ref 43¢ Infrared spectroscopy taken from ref 44. -0.1 / -\\\\
-0.2 \\s\

built in the program. It was found that the vibration calculations

using smaller basis sets, such as 4-31%* and 6-311G24° 2 03— f+dsux

with B3PW91 functional gave almost the same results for the ~ e-trans ux \ \\
excitation energy but not for the absorption intensity. The 0.4 :_::n‘;y \ N
optimization was done using the ORVTIGHT keyword, while 05 =

the cavity radius used for the Onsager model calculation \
(SCRFE=DIPOLE keyword) was obtained by using the 06 .
VOLUME keyword at the optimized geometry. The SCRF 07 L ACH length(A) 1,

][nett:pd faII:CUI?RonS y;/ere dldone USIr(;gthonlyl thlet Bd3PV|V91 Figure 3. The gas-phase dipole moment function (B3PW91/aug-cc-
unctional. -or the cavity radii, we use € calculated values pVTZ), bothx andy components, given in debye. The cis isomer values

of 3.74 for cis isomer and 3.64 for trans isomer. As for the e shaded, while the trans isomer values are open. The rhombuses are
dielectric constant, the experimental values of $:20id 2.14! for the x component, while the squares are for theomponent.

were used for cis and trans isomers, respectively. The values ]
used for calculating the PES and DMF were obtained by IgBlg'Ehzl: M‘:L“kle“ Chtag;et_or] théaGAtoms tOf
performing single-point calculations for every 0.1 CH bond =< Ichloroethylene at Dptimized t>eometry

length, between the regioms; — 0.5 toreq + 0.8 and adding B3PW91 B3LYP
two points,req — 0.05 andreq + 0.05 around the equilibrium cis gas trans gas cis lig cis gas trans gas
region. Later, we will see that this region is wide enough for C —0.205 —0.008 0200 —0225 —0.235
the calculation of overtone vibration spectra. H 40.365 40419 +0.369 40347  4+0.405

Cl —0.160 —0.210 —0.168 —0.122 —-0.171

3. Results and Discussions . e .
calculation, at least at the equilibrium structure, is accurate. The

For the following discussion, we will mainly use the results proper description of the dipole moment is essential not only
of the B3PW91 calculation and report the B3LYP results simply for the intensity of the overtone spectra but also for an accurate
in tables. The simple ab initio calculation will be referred to as SCRF calculation, because it is directly incorporated into the
the gas-phase calculation, while the SCRF calculations will be calculation of the reaction field.
referred to as the liquid-phase calculation. Upon the optimization of the cis isomer with the SCRF

3.1. Optimized Geometry.We first discuss the optimized  method, we saw a 0.3 D increase in the dipole moment, namely,
structures of the two isomers. As shown in Table 1, we see to 2.11 D, but as seen in Table 1, there was no significant change
good agreement with the experimental valtfe$? Another in the geometry. This is in accord with past calculations using
feature to test the accuracy of the ab initio calculation is the this method>17 Because of the dielectric continuum, the
so-called “cis effect>46the effect where the cis isomer is more chlorine atom was stabilized with a more negative charge, while
stable than the trans isomer for dihaloethylenes. By studying the opposite occurred for the hydrogen atom, as can be seen in
the equilibrium constant over a temperature range and correctingTable 2. This led to the larger dipole moment.
for the rotational and vibrational energies, Craig et al. obtained  3.2. Vibrational Calculation. The ab initio PES and DMF
a value of 0.72 kcal mol for the difference between the minima  used for the vibrational calculation are given in Figures 2 and
of the potential energy surface of the two 1,2-dichloroethylene 3, respectively. Because all of the vibration calculation results
isomers'® The calculated energy difference was 0.35 kcalthol ~ were very similar for both phases and both functionals, we will
in favor of cis using the BSPW91 functional and 0.22 kcaliol ~ only show the results of the gas-phase calculation using
for the B3LYP. Another criterion for accuracy is the dipole B3PW9L. In Figure 4, we show the calculated vibrational wave
moment of the cis isomer, which was calculated to be 1.85 function along with the PES of the gas-phase calculation using
(B3PW91) and 1.88 (B3LYP), while the experimental value is the B3PW91 functional. Here, we can see that the range used
1.9%1 Therefore, one can say that the gas-phase ab initio in the present calculatiomeq — 0.5 toreq + 0.8, was wide
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0.12 TABLE 3: Vibrational Transition Energy ( v < 0) in cm™t
B3PW91 B3LYP
0.10 cis trans cis trans cis  trans
v gas gas liq lig gas gas exptl
¢.08 1 3102 3111 3104 3111 3096 3107 308FPIC
2 6095 6113 6100 6113 6081 6103 6650
© 0.06 3 8980 9009 8983 9009 8955 8990
L 4 11760 11801 11782 11801 11722 11772 11°600
= 5 14437 14490 14452 14490 14385 14450 14°203
S o0.04 6 17014 17080 17033 17080 16946 17027 16°694
aExperimental results for gas-phase cis isomer from ref 47.
0.02 b Experimental results for gas-phase trans isomer from ref BE&-
perimental results for liquid phase from ref 11.
0.00
TABLE 4: Integrated Absorption Coefficient (km/mol) of v
-0.5 -0.25 0 0.25 0.5 0.75 < 0 Transition
ACH length(A) I, Cis Isomer
B3PW9I1 B3LYP
(a) v gas lig lig/gad gas exptl
1 7.05 10.9 155 6.76 10.3 (ghs)
0.12 2 1.87 2.55 1.36 2.00 1.04
3 121x10!' 150x 10! 124 1.30x 10
0.10 4 771x 103 956x 103 1.24 858x 103 7.87x 10
5 6.95x 10* 8.45x 10* 122 8.88x10* 7.71x 10
6 1.03x10“ 1.41x10* 1.37 156x10* 7.37x10
0.08
Trans Isomer
@ 0.06 B3PW9I1 B3LYP
O
E v gas liq lig/gas gas exptl
Zo0.04 1 887 11.0 1.24 856 10.5 (gas)
2 1.43 1.63 114 152 6.7¢ 101
0.02 3 7.55x 102 8.45x 102 1.12 8.19x 1072
4 4.48x 10° 4.94x 10°% 1.10 5.13x10° 4.44x 10
5 4.36x 104 5.41x10* 1.24 527x10* 4.12x 104
0.00 6 7.34x10° 1.38x10% 1.88 6.21x10° 4.84x10%
-0.5 -0.25 0 0.25 0.5 0.75 aRatio between the liquid- and gas-phase calculation results.
b Experimental results for gas-phase cis isomer from ref &xperi-
_ mental results for gas-phase trans isomer from ref!&xperimental
ACH length(A) I req results for liquid phase from ref 11.
(b) This can also be seen from the BirgBponer relationship in
cm L

Figure 4. The vibration wave functions along with the potential energy
curve of gas phase (@js- and (b)trans-dichloroethylene calculated

with the B3PW91 functional. E,o/v=3153.0— 53.0v (cis calcd gas)  (29)
enough for the calculation of the wave functions up tohe E,o/v=3154.9-52.& (cis calcd lig) ~ (30)
6 state. Moreover, vibrational calculation using additional data ) .
of req+ 0.9 andreq + 1.0 and increasing the grid points ttg, E,o/v=3145.4-60.& (cisexptlliq)  (31)
+ 1.0 did not change the results.

For comparison, we use the gas-phase experimental fédéilts E,/v =3161.3— 52.&v (trans calcd gas) (32)
for the fundamental transition and the aforementioned liquid
results! for overtones. The experimental value for the 0-3 CH E,o/v =3161.3— 52.6v (trans calcd lig)  (33)
stretching overtone is not available due to the coupling with
the combination band of 0-2 CH stretching and CH bending E,/v=3149.6— 61.4 (trans exptl lig). (34)

and CC stretchingt

The calculated results together with the experimental data The deviation from experimental values is on the order of 10
for the vibrational transition energy are shown in Table 3. One cm™1.
can notice that the calculated values for each transition are nearly Next, we compare the integrated absorption coefficients in
identical for both the two phases and the two isomers. In both Table 4. First, as for the fundamental in the gas phase, the
phases, the calculated transition energies of the trans isomerexperimental integrated absorption coefficients of cis and trans
are slightly greater than the ones of the cis isomer. This is in isomers have been reported to be $0a1d 10.5' respectively.
accord with Henry’s bond length frequency correlati®where As seen in Tables 4 and 5, the calculated intensity for both
the shorter bond length of the trans isomer (Table 1) is expectedisomers in the simple local mode model underestimates this,
to correspond to the higher frequency CH stretching oscillator. and the ratio between the two isomers also shows some error.
In comparison with experimental values, we see that for both Calculation under the normal coordinates and harmonic ap-
isomers and for every overtone state the difference is about 1%.proximation for the DMF gave values of 16.1 and 15.7 for cis
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TABLE 5: Integrated Absorption Coefficient Ratio cis/trans Hirota’'s formula and 1.15 and 1.01 using Buckingham’s
B3PW91 B3LYP formula. Further SCRF calculations varying the cavity radius
- revealed that increasing the cavity radius causes this calculated
v gas Iiq gas expt intensity ratio between the two phases to decrease. From the
1 0.80 0.99 0.79 0.98 (gas) results of the present calculation, we can say that the SCRF
g i:gé 1:32 i:gé 1.53 method using thg cavity radius gi\{en py the. VOLUME keyword
4 172 193 167 177 tends to overestimate the absorption intensity of the fundamental
5 1.59 1.56 1.69 1.87 in solution. As for the overtones, one can notice a general feature
6 1.40 1.02 2.50 1.52 that the ratios between the two phases are smaller than the ones
aExperimental results for gas-phase cis isomer from ref 47. of the funplamentgl (Table 4, column 4)'_This suggests that the
b Experimental results for gas-phase trans isomer from ref E8- overtone intensities may not be as sensitive to the phase as the
perimental results for liquid phase from ref 11. fundamental intensities, at least in the liquid and gas phases.

Finally, comparison on the cis versus trans ratio of the
integrated absorption coefficients of the overtones will be given.
Because there are uncertainties concerning the liquid-phase

TABLE 6: Integrated Absorption Coefficient Ratio Calcd/
Exptl (liquid phase)

B3PWO1 B3LYP calculations, as mentioned above, the gas-phase results will be
v cisgas transgas cisliq transliq cisgas transgas used for the following discussion. As discussed earlier, the
2 1.80 211 246 241 1.92 225 absorption intensity depends on both the vibrational wave
4 0.98 1.01 1.21 1.11 1.09 1.16 function and the DMF. From the similarities in the PES, as
5 090 1.06 1.10 1.31 1.15 1.28 shown in Figure 2, and in the eigenvalues of each vibrational
6 139 152 1.90 2.86 211 1.28 state, 0 to 6, the vibrational wave functions of the two isomers

can be regarded as nearly identical. As a proof, the calculated
overlap between the correspondingiuantum wave functions

of the two isomers was found to deviate from unity by less
than 10“. Thereby, the difference in intensities between the
two isomers is due to the difference in the DMF. From the
examination of the transition moments, listed in Table 7, it can
be seen that the greater difference between the isomers is in
they component. Looking at Figure 3, one can easily notice

:he q\t/_erto?hes ISI Ilsltetd dm Tlable 6. Ast_ seetzn Tﬁreﬁ Ior t_r:e t;)-z that they component DMF for both isomers is distorted from
ransition, the calculated value overesimates the Intensity by & inear function. By fitting the 16 ab initio single-point results
factor of 2 for both isomers, probably because of the same reason

as for the fundamental. Though a slight deviation is seen in the ggthc;)a S;Irzlgotwéal“lgift[zgtn; ?Lsnpézgﬁﬁiﬁr;g?; rbl]ltre}% Ir:he
0-6 transition for the trans isomer, a good agreement is obtained ! . T -
for the transitions 0-4, 0-5. and 0-6, Mathematicaprogram, we obtained the following:
Next, we discuss the liquid-phase calculation. With the local . . o

mode model, the transition energies show little deviation from #y(CiS)= #1(CiSfe)) — (4.38x 10 )R —
Lhe gfas-pha?e calculztion; r}owehve;, tr&e intenslityf is;]increaszd (2.27x 10 HR? — (4.53x 10 )R+ (5.33x 10 )R +

y a factor of 1.55 and 1.24 for the fundamental of the cis an 25 3, 6
trans isomer, respectively (Table 4, column 4). This factor under (2.43x 10 )RS (7.16x 10 )K" (37)
the normal mode model was 1.66 and 1.25, for cis and trans o S “I\y2
isomer, respectively. As can be noticed, this absorption intensity” y(trans)= (2.24x 10 IR = (1.59x 10 )R2
ratio between the two phases does not depend on the model of (3.82x 1072)R3+ (2.23x 10’3)R4 +
the vibrational calculation, namely, local or normal mode model. (1.78 x 10 )R° — (4.85x 10 )R° (38)
Thereby, the ratio is mainly due to the SCRF effect. Considering
that the reaction field acts on the molecule with dipole moment, Using these results and the matrix element®R"|v[) where
itis logical that the difference between the two phases is greaterypo |v0denotes the~th vibrational wave function, we divided

for the cis isomer. Comparison with several semiclassical they transition moment into each component of G&R" term
formulas for the ratio of the absorption intensities in the solution whereC, is the coefficient of theR" term in egs 37 and 38.

and gas phad>*>tof the fundamental vibration suggests that e integrated values &,[0|R"|vCare listed in Table 8. It was
the present calculation overestimated this ratio. For example, 4 nd that for an accurate calculation of the transition moment
Hirota’s formul&® is given as of the fifth overtone, terms as high as the fifth term were
9 inevitable. Further investigation shows that the main contribution
AS_01= _(n T2)(2+1) (35) for the overtone intensity is from the first three terms. As seen
Ago1 3(n° + 2¢) in Table 8, the values;,[0|R" 0] of the Rt andR® terms have
the sign opposite to the ones of tR&term, especially for >
whereAso; andAgo; are the fundamental absorption intensity in - 3. Because the coefficien@, for the first three terms have the
solution and gas, respectively, ands the refractive index of  same negative sign in eqs 37 and 38, the above feature is due

and trans isomers, respectively. Though it overestimated the
absolute value, the ratio between the two isomers was in good
agreement with the experimental value. From this, we can
attribute the difference in the ratio to the use of local mode

coordinates, instead of the normal coordinates, for the funda-
mental transition. The ratio between the calculated and the
liquid-phase experimentdlintegrated absorption coefficient for

the solute. Another formula proposed by Buckinghéis to the difference in the sign of th®|R"|»] In they transition
) ) moment, the positive contribution of t& term is much greater
Asor _ 9n [0+ 2)(2 + 1) (36) than the negative cancellations of tReandR® terms. Because

[0|R?|»0s almost identical for the two isomers with similar PES,
the absolute values of the coefficient of tR&term,C,, should
Using the valuesi(cis) = 1.4490! and n(trans) = 1.4454%1 be compared. As seen from the above equations, the cis isomer
we obtained the ratios of 1.29 and 1.13, respectively, using has a greater absolute value. We conclude that the absorption

Apr (P +2)@P+1)| 30+ 2€)
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TABLE 7: The Transition Moments (D) of v < 0 Transition?

Cis Isomer

B3PW91 gas B3PW91 gas B3PW91 lig B3LYP gas
v X y x(Isqp y (Isqp X y X y
1 2.66x 1072 1.41x 102 2.66x 102 1.43x 102 3.71x 102 5.74x 1073 2.56x 1072 1.47x 1072
2 7.55x 1073 8.09x 1073 7.55x 1073 8.08x 1073 8.99x 1073 9.26x 1073 7.76x 1073 8.41x 1073
3 1.53x 1073 1.74x 1073 1.50x 1073 1.73x 1073 1.74x 1073 1.91x 1073 1.57x 1073 1.82x 1073
4 3.48x 10 3.75x 104 3.54x 104 3.95x 10 3.93x 104 412x 104 3.68x 104 3.96x 104
5 9.08x 10°° 1.05x 10 1.06x 10 1.20x 104 1.14x 10 1.01x 10 1.13x 10 1.09x 104
6 2.60x 10°° 4.16x 10°° 3.92x 10° 455x 10°° 4.48x 10°° 3.58x 10°° 4.02x 10° 453x 10°°

Trans Isomer

B3PW91 gas B3PW91 gas B3PW91 liq B3LYP gas
v X y x(Isqp y (Isqp X y X y
1 3.27x 102 8.34x 1073 3.27x 102 8.30x 1073 3.62x 102 1.00x 102 3.22x 102 7.71x 103
2 7.69x 1073 5.84x 1073 7.72x 1073 5.88x 1073 8.29x 1073 6.15x 103 7.93x 1073 6.04x 1073
3 1.40x 1073 1.18x 1073 1.43x 1073 1.18x 1073 1.50x 103 1.22x 1073 1.48x 1073 1.20x 1073
4 2.96x 1074 2.53x 104 3.22x 104 2.62x 104 3.25x 104 2.47x 104 3.24x 104 2.63x 104
5 8.44x 10°° 6.99x 10°° 9.53x 10°° 7.92x 10°° 1.04x 10 6.34x 10°° 8.63x 10°° 8.43x 10°°
6 3.52x 10°° 2.18x 10°° 3.52x 10°° 3.04x 1075 4.79%x 10°° 3.04x 10°° 2.56x 107 2.83x 10°°

a All of the transition moments, except for the columns 4 and 5, were calculated from the potential energy surface and dipole moment function
obtained by interpolatior?. Calculated from the potential energy surface obtained by fitting to power series expansion of the Morse function and
from the dipole moment function obtained by fitting to a polynomial of bond displacement.

TABLE 8: Division of the y Transition Moments (D) of the Gas-Phase Calculation into Their Dependence on the Harmonic and
Anharmonic Terms of the Dipole Moment Function (Using Values Obtained by Fitting 16 ab Initio Single Point Calculations)

Cis Isomer
v rt r? rs r4 rs ré sumgt—ro)?
1 8.86x 1072 4.75x 1078 6.53x 10 —1.65x 10°° —4.36x 10°° 4.17x 107 1.42x 1072
2 —8.98x 104 8.67x 1073 3.32x 104 —3.28x 10° —4.95x 10°° 9.23x 10°© 8.03x 103
3 —-1.59x 10 2.17x 1073 —3.55x 104 1.13x 10°° 5.98x 10°° —8.07x 107 1.72x 1073
4 —3.75x 10°° 5.97x 104 —-1.63x 10 —8.22x 1076 —1.03x 10°° 6.45x 1076 3.84x 104
5 —1.07x 10° 1.87x 10+ —6.41x 10° —6.51x 1076 6.80x 10°° 1.51x 107 1.13x 104
6 —3.55x 10°® 6.52x 10°° —2.56x 10°° —3.50x 1076 9.28x 1076 4.41x 1077 4.23x 107
Trans Isomer
v rt r? rs r4 rs ré sumgt—ro)?
1 4.53x 1073 3.31x 103 5.46x 104 —3.77x 10°¢ —3.17x 10°5 2.80x 1076 8.35x 1073
2 —4.56x 1074 6.07x 1073 2.79x 104 —7.51x 1078 —3.60x 10°° 6.19x 1076 5.86x 1073
3 —8.05x 10°° 151x10°3 —2.99x 104 2.59x 10°® 4.35x 10°° —5.40x 10°¢ 1.17x 103
4 —1.90x 10°° 4.14x 104 —1.37x 104 —1.91x 1078 —7.50x 1078 4.33x 107 2.53x 104
5 —5.42x 10°® 1.29x 104 —5.31x 10° —1.49x 107 5.01x 106 9.33x 108 7.44x 1075
6 —1.79x 1076 450x 107 —2.12x 10°° —8.00x 1077 6.75x 10°° 3.02x 1077 2.82x 1075

aSum of the values of the six terms.

difference between the two isomers originates from the differ- the neighborhood of the equilibrium bond length, their success
ence in the first anharmonic term, tH&? term, of they with this metho@~7 suggests that their simple approximation
component DMF. may be sufficient in obtaining the general behavior of the actual
3.3. Computational Efficiency and Accuracy.We were able PES and DMF even in regions far from the equilibrium.
to calculate the CH stretching overtone absorption intensity of However, for an accurate high-energy vibrational calculation,
cis- andtrans-dichloroethylene with high accuracy by using a precise data on the PES and the DMF in regions far from
simple local mode model in which only the motion of one equilibrium are expected to be important.
hydrogen atom was considered. This is attributed to (1) the In most higher-energy vibrational calculations, the ab initio
applicability of the local mode picture in describing ligtiteavy results are fitted to analytical functions and the Sdimger
overtone vibrations and (2) the high accuracy of the theoretical equation is solved variationally by the basis set expansion
calculation. An important, but often neglected, aspect upon method. Because a high-order polynomial tends to lead to a
considering the accuracy of the theoretical vibrational calculation fitted function that oscillates in the region between the sampling
is the proper incorporation of the ab initio results, in the shape points, it is not suitable for the description of the PES and DMF.
of PES and DMF. In the present work, we derived both the PES and DMF by
For the calculation of the CH stretching overtone spectra of sixth-order divided difference interpolation of the 16 ab initio
naphthalene cations, Kjaergaard et al. obtained their PES in asingle-point results. In this method, unlike fitting, where one
Morse potential form by calculating the Morse parameters using function is used for all regions, the interpolated function is
the ab initio force constant expansion around the equilibrium constructed by connecting locally defined functions at the
region? As for the DMF, they used the Taylor series expansion interval of sample points. Each locally defined function, a sixth-
using ab initio values calculated around the equilibrium bond order polynomial, is chosen to match the sample point values
length. Although the accuracy of the expansion is limited to at six points adjacent to the interval. Therefore, we are able to
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construct a function that passes through all 16 sample pointssample data. Thus, we used the grid method in the vibrational
without using a fifteenth-order polynomial, which would be calculation and only considered the region where the ab initio
needed if constructed from the least-squares fit. These featuregdlata are available.
cause the resulting interpolated function to be smooth and To see the sensitivity of the final results to the choice of the
precise, as will be discussed. data incorporation methods, in Table 7, the transition moments
In the following, we will examine the accuracy of the PES calculated by the least-squares fits, namely, the PES of eqs 39
and DMF depending on the method of data incorporation, and 40 and the DMF of egs 37, 38, 41, and 42, are compared
namely, interpolation or least-squares fit. Ideally, the PES and with those calculated by the interpolation method. It can be seen
DMF are expected to reproduce the ab initio results at every that the different method causes the transition moment of higher
bond length. Comparing the values at the 16 sample points overtones to vary significantly. For example, as seen for the
mentioned before and the values calculated additionally at 10 fifth overtone ¢ = 6), vibrational calculation using the fitting

bond lengthsreq + 0.15, 0.25, 0.35, and 0.45 amgl, + 0.55
and 0.65), we obtained standard deviations of 160>
hartree (3.51 cmt) and 1.58x 1075 hartree (3.47 cmt) for

method, which is slightly inaccurate compared to interpolation,
may contain relative error of about 50%. As a summary, our
grid method, which employs the PES and DMF by sixth-order

our interpolated PES of the cis and trans isomer, respectively. divided difference interpolation of the ab initio results, utilizes

Because fitting the 16 ab initio potential energy data to a sixth- the ab initio data in an efficient and accurate manner upon
power series of Morse functioifR) = exp(—aR), wherea = incorporating them into the vibrational calculation. This is

We /m/(ZDQ = 1.04 andR is the displacement coordinate, e€ssential for the qualitative calculation of the intensity of higher
gave much smoother potential functions than the fit to a sixth- overtones.

order polynomial oR, the former will be used for the following
discussion. By using the “Fit[data, function]” function built in
the Mathematicaprogram, we obtained

4., Conclusion

We have succeeded in reproducing the transition energy and
the absorption intensity of the overtone CH stretching vibration
of cis- andtrans-dichloroethylene using the simple local mode
model and the PES and DMF obtained from ab initio calculation.
We were able to gain insight on the reason for the larger
integrated absorption coefficient for the cis isomer in 1,2-
dichloroethylene, namely, the DMF of the direction perpen-
dicular to the CC bond is distorted from linearity and its
distortion is larger in the cis isomer. As for the use of hybrid
density functional theory method on elongated bond lengths,
judging from the agreement in transition energies and absorption
intensities, it can be said that an accurate PES and DMF were
calculated. For further use of the present vibrational calculation

The standard deviations compared at the 26 points, mentionedmyethod, computational efficiency and accuracy in representing
above, were 2.1& 10 hartree (47.8 cm') and 2.30x 10~4 the PES and DMF were discussed.

hartree (50.5 cm) for the cis and trans isomers, respectively.

As for the dipole moment, we will compare the accuracy of
our interpolated DMF and the sixth-order polynomial Rf
obtained by fitting the 16 ab initio sample point results, namely,
egs 37 and 38, for thgcomponent and the following for the
component:

V(cis) = V(cisf,y) +0.2164— 0.5643(R) +
0.5960°(R) — 0.4056°(R) + 0.20474(R) —
0.052 76°(R) + 0.005 604(R) (39)

and

V(trans)= V(transf,;) + 0.2192— 0.5753(R) +
0.61474(R) — 0.423F(R) + 0.2138*(R) —
0.055 17°(R) + 0.005 87#(R) (40)
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