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Abstract—The structure of the 2,2-dichloroethanal molecule (C}XEIO) in the lowest excited singlet state

was calculated by the nonempirical multiconfigurational self-consistent field method. The electron transition
of CHCI,CHO from the ground to lowest excited singlet state is accompanied by rotation of the, GidGp,

and the carbonyl fragment becomes nonplanar. The potential energy surface for the exciteGHIBI@lole-

cule contains six minima corresponding to three pairs of enantiomers. This surface was used to solve torsion
and inversion motion problems in the one-dimensional approximation and also two-dimensional-torsion
inversion problem. Comparison of the results showed a relation between torsion and inversion motions.

This work is a part of our systematic experimentalground and excited states when we used (as initial
and theoretical studies on the structure of conformaapproximation) molecular orbitals corresponding to
tionally nonrigid molecules of carbonyl compounds inthe symmetric configuration of nuclei. In this case, the
the ground and excited electronic states (see [1, 2] arf§l state has a symmetry different from that of the
references therein). Previous theoretical investigatioground state. Our experience in studying molecules
[3] of the 2,2-dichloroethanal molecule (CHCHO)  of carbonyl compounds in electronically excited states
in the ground &) and lowest excited tripletTq) shows [2, 3] that correct description of such systems
states showed that th&—T, excitation essentially can be achieved with the use of active space including
changes the shape of the potential energy surfadve molecular orbitalseo, Tco, No, Mo, @nd oo
(PES): instead of theis (#HCCO = () andgauche and populated by six electrons and of two-exponent
conformers £HCCO ~ 111°) with planar (or nearly baS|§ of atomic orbitals s_upplemented by pqlarlzatlon
planar) CCHO carbonyl fragment, minima on the PESunctions on all atoms (like 6-31G. The main cal-
for the T, state correspond to the structure having &ulations were performed just in this way with the aid
pyramidal carbonyl fragment and turned CH®p. ©f GAMESS software [4] (PC GAMESS version [3]).

In the T, state of 2,2-dichloroethanal, the torsion

. § cl § ¢ u
vibrations and inversion vibrations of the nonplanar all cP2 CP2
carbonyl fragment are appreciably coupled. s P2
In this work we studied the structure and conforma- H H H
2 a a 1Ha
Cl H Cl
Ib

tions of the 2,2-dichloroethanal molecule in the lowest<
singlet excited stateY); here, the torsion and inver- §
sion motions of nuclei were considered both in the £ TS
one-dimensional approximation and in terms of the
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two-dimensional torsiofnversion model. H | | Cl 5 H
cr_, cl _, CI
The calculations were performed using the multi- < <«
configuration complete active space self-consistent g
a2 H, Hg 1
H Cl
Ia

I1Ib IIb

field procedure (CASSCF). This procedure previously Cl
gave reliable results for related molecules of carbonyl
compounds in lowest electronically excited states [2].

The singlet excited state was calculated with full op-
timization of the second root of the secular equation. The results show that th§—S, excitation is ac-

In the examined region of potential energy surfacecompanied by considerable changes in the molecular
there was no problem of variation collapse of thegeometry (Table 1). The scheme above shows the

IIa II1a

Internal rotation (¢ f)
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Table 1. Geometric parameters (interatomic distandesand angles, deg) of CHEEHO conformers in thé, T;, and
S, states and their relative energie€ (cnm?), calculated by the CASSCF/6-31G method

S [3] T, [3] S,
Parameter

cis gauche la lla lla la F:1 llla
r(C=0) 1.218 1.214 1.368 1.363 1.365 1.388 1.383 1.386
r(C-C) 1.515 1.522 1.499 1.489 1.491 1.497 1.487 1.489
r(C-H,) 1.086 1.088 1.077 1.077 1.076 1.076 1.076 1.075
r (C-H) 1.075 1.078 1.078 1.075 1.076 1.078 1.075 1.076
r(C-Cl% 1.773 1.758 1.780 1.793 1.773 1.779 1.791 1.773
r(C-CI?) 1.773 1.780 1.774 1.776 1.792 1.774 1.776 1.790
ZCCO 121.0 124.0 114.4 116.9 114.3 113.9 116.7 114.0
ZH,CO 122.7 122.1 112.2 112.1 113.0 113.0 112.9 113.7
~/CCH 110.2 109.3 112.3 109.3 111.2 111.9 109.5 1111
~ccct 109.4 112.9 111.1 112.2 109.5 111.0 111.8 109.6
~CCCP 109.4 108.5 109.2 111.6 112.2 109.5 1115 111.9
ZCH, nonpl? 0.0 -1.3 -38.2 -35.8 -35.1 -36.8 -34.4 -33.8
~CI'CH 108.2 107.6 106.0 106.0 107.3 106.1 106.1 107.3
ZCI’CH 108.2 106.2 106.8 107.0 106.0 107.0 107.1 106.1
/HCCO 0.0 111.4 59.7 -173.0 -45.8 57.7 -174.3 -46.6
AE 0 604 562 252 0 525 298 0

@ The angle between the GHbond and CCO plane.

Table 2. Calculated harmonic frequencies (Chof CHCL,CHO conformers in thé&, (MP2/6-31G*), T, andS; states

(CASSCF/6-3G)

Vibration mode S B3 T [3] St

and symmetry cis gauche | I i | I i
CH stretch. 3244 3191 3307 3349 3337 3351 | 3350 | 3336
CH, stretch. 3074 3062 3338 3333 3349 3306 | 3339 | 3359
CO stretch. 1790 1798 1184 1216 1108 1168 | 1207 | 1087
CH,O bend. 1439 1435 1443 1472 1319 1440 | 1462 | 1315
CH out-of-pl. 1313 1314 1349 1368 1373 1349 | 1368 | 1373
CCH bend. 1264 1287 1396 1402 1496 1394 | 1404 | 1492
CC stretch. 1108 1063 1107 1033 1216 1092 | 1013 | 1206
Invers? 1037 969 684 723 827 687 723 830
CCl, stretch. asym.| 822 863 890 847 862 894 851 863
CCl, stretch. sym. 792 676 822 753 716 815 751 715
ccO bend. 448 628 449 608 421 437 608 419
CCl, wagg. 332 357 416 311 409 416 311 407
CCl, twist.-bend. 287 229 226 340 234 225 335 231
CCl, sciss. 267 287 291 218 291 292 215 290
Torsion 74 82 101 104 113 99 105 113

a CH, out-of plane vibrations in the§, state.

Newman projections of CHGCHO conformers in six different conformers. Table 2 contains geometric
the S, state. parameters of three of these conformdes (la, and
llla); the other three conformers are their enantiomers
We have revealed six minima on the PES of 2,2-di{Ib, Ilb, and lllb ). Thus, theS«S, excitation of
chloroethanal in theS; state, which correspond to 2,2-dichloroethanal is accompanied by rotation of the
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CHCI, group and pyramidalization of the carbonyl motions according to the Eckart conditions; akd
fragment. In addition, considerable elongation of thes the potential function. As variables for internal
C=0 distance and decrease of the CCO bond angletation and inversion we took the angle of relative
are observed, which are typical of>rn*excitation rotation of the CHO and CHGIgroups (dihedral
of carbonyl compounds. angle HCCO,¢,) and declination of the EH, bond

v from the CCO plane ¢,).
Pyramidalization of the carbonyl fragment and

change of orientation of the CHECtop also follow In terms of the one-dimensional internal rotation
from the results of calculations with account takerfnodel, the inversion coordinatg, changes on varia-
of configuration interactions (singly excited configura-tion of the angleg,; it is determined by geometry
tions only) (CIS) using the Dunningfiay basis set [6] ©Ptimization. The same is true of the one-dimensional
supplemented by polarization functions on all atomsinversion model. Therefore, thetrajectorie$ corre-
However, this procedure gives only four minima (twoSPONding to one-dimensional ‘internal rotation and
enantiomer pairs) on the examined potential energ@n€-dimensional inversion on the two-dimensional
surface, which are characterized by HCCO angles ¢iE> aré curvilinear. The maximal variation gb
_173.8 and —45.#. The corresponding geometries YPON internal rotation in th&, state is 8.4 (8.8 for

are generally similar to those obtained by the v): the declination of the €H, bond from the CCO

CASSCF method for structures and Il , except Plane in the, state is+3.3". The parameter8 and
for the C=0 bond length (1.264) and the angle of potential functionsV in the one-dimensional models
declination of the GH, bond from the CCO plane were approximated as follows:
(=27°). While analyzing the obtained results, it should Internal rotation:

be kept in mind that the CIS procedure less reliably N
reproduces the shape of the potential energy surface B(p1) = Bg+ X Bfcoskep; +
for molecules of carbonyl compounds in excited k=1
states, as compared to CASSCF [2]. V(1) = Vo +

lB(k)sin ke, (2a)

N L

2 V(1 - cosker) + 5 X V(L - sinkpy).
Table 2 contains harmonic vibration frequencies of (2b)

2,2-dichloroethanal in the&, T, [3], and S, states.

The two examined excited states are characterized by |nversion:

very similar frequencies of vibrations of the same

mode. It should be noted that the electronic excitation B(Q) = gBka _ Py ook (3a)

S« (as well asT,;«<-S)) leads to strong decrease k=0 2k=0 '

of the C=0 vibration frequency, in keeping with the

data obtained for the other carbonyl compounds [1].

The frequencies given in Table 2 were determined in

terms of the harmonic model which, strictly speaking,th

is applicable only to vibrations with a small ampli- . s
: ) . A . steps of 15 and 10, respectively; and the other geo-
tude. Insofar as torsion and inversion vibrations |mpIymetric parameters were optimized in the course of

moving of nuclei with a large amplitude, we have " : :
) . . nonempirical calculations. Using the calculated values,
considered the corresponding models in one- and tWthe funpctions B, and V were a?pproximated by the

dimensional approximations. The procedures fOjo,qt soiiares procedure through linear combinations
solving large-amplitude vibrational problems were ¢ trigonometric functions

reported, e.g., in [2,710]. These procedures involve
the following vibrational motion Hamiltonian:

N[
N[ ?ITMTJ

V(Q) = ZViQ (3b)

Here, Q = Rey @ @p and ¢, vary within
e ranges 0< ¢, < 180¢° and-60° < ¢, < 60° with

B((y,pp) = ZXC L cosKepy cosLpy + ZXCEsinKe; sinL gy,
KL KL

- (4a)

H((P]_v ey (Pn)
=-XX a—a_Bij (91, ---,an)a—a_ + V(P ). (1) V(P19 = ZZV L cosKpycosl g, + ZXVePsinKeysinL ¢,
i=1j=10j Pj Kt ot (4b)

Here, n is the number of vibrational coordinates The coefficients in expansions (Z}) for 2,2-di-
taken into accountB; are elements of a symmetric chloroethanal in the5, state and standard deviations
matrix of kinetic parameters, which is selected so asvhich characterize the accuracy of reproduction of
to ensure separation of vibrational and rotationathe kinetic parameters and potentials in reference
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Table 3. Parameters of kinetic energy function (2a) andTable 4. Parameters of kinetic energy function (3a) and
one-dimensional internal rotation potential function (2b)one-dimensional inversion potential function (3b) for the
for the molecule of CHGICHO in the S| state and the molecule of CHCJCHO in theS,; state and the correspond-

corresponding standard deviatiors (cm1)2 ing standard deviationss (cn1)2
k BR BR Vi VR laZlllb or Inversion
K Ib & llla lla 2 Ilb
0 1.3745 - - - b
1 | -0.0127 | -0.0019 | 476.8 304.7 By vV s vV
2 -0.2230 -0.0212 470.6 148.1
3 0.0378 0.0045 | -949.1 347.6 0 1.0297 889.4 1.0309 643.3
4 0.0213 0.0032 7.2 16.0 1 -0.0201 -1040.3 - -
5 -0.0066 | -0.0039 14 -1.5 2 0.0199 | -2956.7 0.0144 | -3299.5
6 -0.0011 -0.0014 2.3 -12.9 3 0.0214 2392.0 - -
7 -0.0006 -0.0003 -1.8 2.6 4 -0.0597 3776.2 -0.0177 4843.9
8 -0.0014 | -0.0009 2.9 1.2 5 -0.0086 | -2611.4 - -
9 -0.0012 | -0.0005 11 0.2 6 0.0369 -644.8 0.0049 | -1633.3
c 0.0020 0.3 7 - 1175.5 - -
8 - - - 289.0
2 In the given approximation, the energies of conformers c 0.0005 5.3 0.0003 54

and Il relative tolll are 530 and 309 cm, respectively.
The heights of potential barriers to the conformational transi-2 In the given approximation, the energy of confornierel-
tionsla — lla — llla — la are 1072, 1168, and 914 ct ative tolll is 521 cntl. The heights of potential barriers to
respectively. the conformational transitionlb — la andlla — Ilb are
973 and 643 cm, respectively.b The 958 values are given
Table 5. Approximation coefficients of the kinetic in (amurlA—k.
parametersB,;, By, and B,, given by Egs. (4a) and

standard deviationss (cm™?) Table 6. Approximation coefficients of the potential
function V given by Eqg. (4b) and standard deviatioas
K|L B11 B1o By, (cmh
Coefficients C}gf K| L Coe{}‘iccéients K| L Coe{;igsients
ol o 2.4068 3.1553 19.3641 KL KL
0|1 ~1.3819 ~2.1088 ~3.5436
0l 2 0.5779 1.0510 2.2009 010 18242.5 111 21.9
110 ~0.0263 ~0.0670 ~0.1561 011 -24021.8 113 -170.6
21 o0 ~0.3043 ~0.4705 ~0.6793 0| 2 6907.6 2 |1 -53.0
2 | 2 ~0.0536 ~0.2045 ~0.5864 0| 4 143.8 2|3 -52.1
3|0 0.0469 0.0696 0.1215 110 -240.8 2|6 -9.9
3|2 0.0139 0.0351 0.0456 112 11.6 3|3 -180.6
4| o0 0.0358 0.0519 0.0669 210 -208.6 3|6 —4.6
4| 2 0.0079 0.0301 0.0869 g é —22-8 g g 13{-2
5|0 00152 | o.oi?o 0.0469 28 cor ! >
Coefficients CKL 3 2 _655.9

1] 1 0.0099 0.0660 0.1265 3| 4 43.2
2 | 2 0.0029 ~0.1042 ~0.3733 3|6 -26.0
3|1 ~0.0109 0.0012 0.0173 4 | 4 13.2
4 | 2 0.0009 0.0168 0.0512 6|0 7.9

G 0.0063 0.0108 0.0267 6 | 2 45

points are collected in Tables-@. The correspond- the two-dimensional nonempirical potential energy
ing vibrational problems were solved by the variationsurface for the 2,2-dichloroethanal molecule in $e
procedure in the trigonometric basis using one- andtate. This surface has a shape similar to that obtained
two-dimensionalB andV surfaces. The figure shows previously [3] for theT, state of the same molecule.
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Two-dimensional potential energy surface for t#CL,CHO molecule in theS; state (CASSCF/6-31G).
Table 7. Torsion, inversion, and torsieimversion energy levels of CHGCHO conformers in thés; state (crh)
Energy level Energy level
torsion-inver- torsion and in- Assignmerft torsion-inver- torsion and in- Assignmerf
sior? (n = 2) version o = 1) sior? (n = 2) version o = 1)

0.0 0.0 i (0, 0)+ 490.9 522.2 I (O, 0)+
0.0 0.0 i (0, 0) 491.0 522.2 I (O, 0)
101.2 110.8 i (1, 0)+ 534.9 485.8 i (o, 1)+
101.2 110.8 i (1, 0y 535.0 485.8 i (o, 1)
199.3 217.9 (2, 0)+ 543.7 605.6 I (6, 0)+
199.3 217.9 I (2, 0y 554.5 605.6 I (6, 0y
267.6 307.8 I (0, 0)+ 567.9 642.9 I (3, 0)+
276.2 322.2 Il (0, 0)- 571.4 628.4 I (3, 0y
293.7 321.2 " (3, 0)+ 589.9 616.7 I (1, 0)+
293.7 321.2 I (3, 0y 590.1 616.7 I (1, 0)
370.2 431.8 I (@, 0)+ 611.4 690.5 " (7, 0)+
378.0 417.3 I (1, 0y 628.4 596.6 m (1, 1)
384.1 420.4 I (4, 0)+ 628.7 596.6 nm (@, 1)+
384.3 420.4 I (4, 0 637.4 690.5 i (7, 0y
468.5 515.3 " (5, 0)+ 662.5 705.5 I (2, 0)
469.3 538.7 I (2, 0 662.8 729.8 I (4, 0)+
470.6 515.3 Il (5, 0 662.9 705.5 I (2, 0)+
476.9 524.2 I (2, 0)+ 663.3 744.3 I (4, 0y

& The numbers in parenthesesg, (v;) are the torsion and inversion quantum numbers, respectively; the Roman numerals refer to
the conformer number; the signs” and “-” denote, respectively, the even and odd components of the inversion spll?tt]ng.
terms of the two-dimensional torsieimversion model, pairs of mirror-symmetric conformeasand b (see scheme) are charac-
terized by approximately doubly degenerate levels.
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It is seen that the torsion and inversion motions are
interrelated: the inversion is accompanied by some
rotation of the CHC] top.

Analysis of the structure of nodal surfaces an
localization areas of the calculated wave functions fo
vibrational states in the two-dimensional approxima-
tion shows that the one-dimensional model is applic-
able only when the vibrational wave functions are
localized in potential wells corresponding to particular
conformers. As the torsion and inversion gquantum
numbers increase, the wave functions rapidly become™
delocalized so that description of high-lying vibra-
tional states (especially, of those having a joint
torsion-inversion character) requires a multidimen-
sional model to be considered.

Table 7 gives the results of calculations in the one-4.
and two-dimensional approximations for a number of
low-lying vibrational states of the 2,2-dichloroethanal
molecule in theS; state. It is seen that the energies
of the lowest torsion levels, determined for the
CHCI,CHO conformers in one- and two-dimensional 5
approximation, agree well with each other, but the
difference between these energies grows as the torsiof:
guantum number increases.

The CHCLCHO molecule is characterized by 7.
gualitatively the same conformational behavior in
the T, and S; states. In both cases, there are six con-
formers with similar geometries for the correspond- g,
ing pairs. In addition, the vibration modes are quite
similar, and many frequencies differ insignificantly. 9.
Analogous relations were observed by us in the calcu-
lations of potential energy surfaces for (84 ,CHO 1q.
molecules (R = F, Clx = 0-3) in electronically
excited states [2]. As for the 2-chloroethanal molecule
(CH,CICHO), analysis of the electronic and vibra-11.
tional spectra [11] supports theoretical predictions [7]
on the PES structure for it§; state.
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