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Ab Initio Investigation of the Vibronic Structure of the C;H
Spectrum: Computation of the Vibronically Averaged Values for the
Hyperfine Coupling Constants’

MILJENKO PERI¢, 2 BERND ENGELS, AND SIGRID D. PEYERIMHOFF

Institut fiir Physikalische und Theoretische Chemie, Universitit Bonn,
Wegelerstrafie 12, D-5300 Bonn 1, Germany

The vibronically averaged values for the hyperfine coupling constants in the X2Z- A4 *II system
of the ethynyl radical are computed by means of the ab initio method calculations. The results
point at the importance of taking into account the coupling of all three electronic states in question
(124", 224’, and 124") for a reliable explanation of the available experimental findings. The
mean values of the hfcc’s for K = 0 and 1 levels in **C;H and "C,D in the energy range up to
6000 cm™! are predicted. © 1991 Academic Press, Inc.

INTRODUCTION

With the present paper we conclude our ab initio study of the A*II- X 22 spectrum
of ethylnyl (/-6). We report the mean values for the isotropic hyperfine constant
(hfcc) and for the A,, component of the anisotropic hyperfine tensor in the vibronic
states of various isotopomers of C;H as obtained from our calculations. Thereby we
employ the vibronic wavefunctions computed by means of the approach described in
detail in Ref. (3) and the electronic matrix elements for hfcc’s published in the preceding
paper (6). The aim of this work is to reproduce and explain the results of numerous
experimental studies undertaken especially in the last few years (7-18), and to make
predictions which might be useful for future investigations.

CALCULATION OF VIBRONICALLY AVERAGED hfcc’s

The rovibronic wavefunction suitable to represent a vibronic state arising from
coupling of the three electronic states (124’, 224, and 124"), the stretching and
bending vibrations, as well as the rotation around the z axis, corresponding to the
smallest moment of inertia, can be written in the form (3)

! This is Part VII of the ab initio studies related to C;H.
2 Permanent address: Institute of Physical Chemistry, University of Belgrade, Studentski trg 16, P.O. Box
550, 11001 Belgrade, Yugoslavia.
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In Eq. (1) ¢ %, ¢™, and y™ represent electronic basis functions related to the eigen-
functions of the electronic Hamiltonian ¢ '4’, ?4’, and ¢*" computed in the framework
of the Born~Oppenheimer approximation by

- \l/'A,COS ¥y = 4/2”"sin v
pi = ;/l'; W ") = % (¥''siny + ¢>cos y + )

pr = 71‘2"(»’/’" -y = %N/""sin v + ¢ cos v —¢*), (2)

where + is the angle by means of which the adiabatic electron functions y'4” and 24’
are transformed into their diabatic counterparts ¢ and ¢™" (y*" = ¢™"); ¢™ and
¢™ represent “linear” electronic basis functions suitable for a treatment of the usual
Renner-Teller effect within a II electronic state. The electronic functions are assumed
to depend on the C-C stretching coordinate s, the bending coordinate p (p = n-bond
angle), and the angle ¢ conjugate to the projection of the total angular momentum
on the z axis. ¢ are the C~C stretching functions assumed to have different forms in
the 2 and II electronic states but to be identical for both components of the II state,
II* and ™. The function f represents the p-dependent part of the bending wave-
function expanded into a basis consisting of the eigenfunctions X; of a suitable two-
dimensional harmonic oscillator; the expansion coefficients are denoted by c,; and
are determined variationally. X is the quantum number corresponding to the z com-
ponent of the total angular momentum (excluding spin). Writing the rovibronic
wavefunction in the form of Eq. (1) we assume that the remaining degrees of free-
dom (C-H stretching and the rotations around the x and y axes) can be separated
out (3).

The average value of a quantity 4 (in the present work the isotopic hfcc or
the components of the dipole-dipole hf tensor) in the rovibronic state p is given
by

AP = f Y*P AV P dr, (3)

where the integration is performed over all degrees of freedom. The integration over
the electronic coordinates leads to the electronic matrix elements
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expressed in Eq. (4) in terms of the diabatic electronic wavefunctions. The matrix
elements A*? (a = Z, I1*, or I ) are the functions of both the vibrational coordinates
considered, s and p. In the previous paper (6) it was shown that in a good approximation
they can be represented as products of two functions, each one depending on only
one of the coordinates

A(s, p) = U(s)V %p). (5)

Thus the expression (3) can be written
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In the present treatment the functions U*%(s) are represented by polynomial series in
s, and V*%(p) by polynomials in p, V' Z%(p) containing odd and all other V*¥(p)
quantities containing even terms.

In order to prevent any possible confusion when the results of the present study are
compared with the experimental findings let us make a brief summary of various ways
in which the hfcc’s are usually defined in the literature. The part of the Hamiltonian
describing the hyperfine interaction of an unpaired electron with the angular mo-
mentum L and spin S, and the nucleus N with spin Ty is given (/9) by
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where gy and g, are the nuclear and electronic g factor, respectively, fx is the nuclear
and 3. the Bohr magneton. ry is the radius vector of the unpaired electron with respect
to the nucleus N. The first term on the right-hand side of Eq. (7) represents the
interaction between the electronic orbital momentum and nuclear spin and the last
two terms represent the dipole~dipole and the Fermi contact interaction between
electronic and nuclear spin (19). If the hf interaction is taken into account by the
first-order perturbation theory the effects are commonly interpreted in terms of a
phenomenological Hamiltonian which usually contains only momentum operators
together with the numerical parameters serving as “coupling constants™ (20). For a
linear molecule (7) can be reduced to (21)

H§f= aNLzS:+leN-S+ CNI:S:. (8)

In the present paper we do not consider the first (usually small) term on the right-
hand side of Eq. (8). The coefficients b and ¢ are given by (19. 27)
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CN = BgNgeﬁNﬁc 'S'. <‘I’ (—'——E%N__)S:}‘I’) ) (9b)
N

where ay is the angle between ry and the molecular axis and ¥ is, generally, the total
molecular wavefunction. The operator S, points out that the coeflicients b and ¢ depend
on the spin density, and the factor 1/.5 arises from the normalization of the spin
density (20). Thus b and c are related to Ai, and A;. calculated in the present work
(Egs. (1) and (2) of Ref. (6)) by
AN
bN = A%, - (10a)

34%
N _ 22
===

£

(10b)

Another form of the H,, ; operator for linear molecules, commonly used in the ESR
literature, is (19)

Hy = ITS, (11)

where 7 and § are the vector array of Cartesian nuclear spin components and the
vector column of the electronic spin components, respectively (both of them acting
on a model spin space ), and T is the tensor involving the hyperfine coupling coefficients.
For linear molecules (where the z axis is assumed to coincide with the nuclear axis)
T is a diagonal tensor; furthermore, in 2 electronic states the equality T, = 7,, = T,
holds and thus T becomes



74 PERIC, ENGELS, AND PEYERIMHOFF

T, 0 0
T=|0 T, O (12)
0 0 T,
with T, denoting the zz component. Thus in this case (11) can be written in the form
Hye = TSI, + T, (I.Sx + 1,Sy). (13)
Comparison of (13) with (8) yields
TN =b+c (14a)
TV = b. (14b)
The tensor (12) can be decomposed into its isotropic? and anisotropic parts,
T = Aill + Adip, (15)
where I is the unit tensor and Ag;,, is a traceless tensor
—Adip 0 0
Agip = 0 —Asp O (16)

the elements of which are related to the quantities defined above by

N _ N B
Amp:M:f:ﬁ:_ (17)

For bent molecular geometries Ag;, has no longer diagonal form and Ty, # T,,. In
those cases various choices of the Cartesian coordinate axes are possible having as a
consequence different forms of the Ay, elements. The information which can be ob-
tained from the gas phase measurements is limited to the (diagonal) components of
the Ag;p, tensor related to its principle axes, connecting the rotational states of an
assumed symmetric top with AX = 0, £2. In our previous paper (6) we have presented
the results of computation of the electronically averaged values for A4;;, and all com-
ponents of Ag;, with respect to the Cartesian system whose z axis is always along the
C-C bond. Thus our coordinate system coincides only at the linear geometry with the
principal axes of Ag;p.

RESULTS AND DISCUSSION

In this paper we present the results of calculations of the rovibronically averaged
values for the isotropic hfcc, 4i5,, and for the quantity Ag;, related by Eq. (17) to the
zz component of the dipole-dipole tensor, being derived from the observed spectra
in the experimental studies cited. In Tables I-III are the results computed for the two
lowest-lying vibronic states in C,H, (000) K = 0 and (010) X = 1 compared with the
corresponding experimental findings.* Generally, a good agreement between two sets

3 Ay is in the literature often denoted by by (22).
4 The ab initio values are given with five decimal units in order to show the predicted isotope effects.
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TABLE |

Comparison of Mean Values for the Isotropic hfcc in the Lowest K = 0 and K = 1 Vibronic Levels of
Various Isotopomers of Ethynyl Calculated in the Present Study with the Corresponding Experimentally

Derived Data
<A_>/MHz
C, C, H
i th exp th exp th exp
000 39.260 | 43.30°*44.51<*
UCHCH 44.91°%44 511"
010 31.838 | 3537
000 15301 | 1779 | 3921 | ss.
"CCH | 450 18.14 31.879
000 | 88147 |939.0 19.224 | 49.4
CUCH 1 010 {99050 31.800
000 |881.53 | 902t 15278 [ 156* [ 39231 |dae
PCCH {510 [ 790.87 117.88 31.835
000 6.2029 [ 7.159°6.88"
D | o10 5.2085
000 159.02 6.2075
D | 010 127.33 5.2193
000 | 895.47 6.1960
"CHCD 1 o10 | 81488 5.2009
000 | 89591 158.80 6.2011
"CCD {010 | sisa 127.10 5.2123

Note. The values with an asterisk are recalculated by means of Eq. (10a) from the originally published
experimental results for 5. Theoretical results are given with five significant figures to show the expected

isotope shift.

* Reference (8).

b Reference (9).

¢ Reference (10).
9 Reference ( 13).
¢ Reference ( 14).
f Reference ( 15).
8 Reference (12).
" Reference (7).
i Reference ( 18).

of results can be seen;> particularly, the vibronic averaging in most instances consid-
erably reduces the discrepancies between the computed hfcc’s and their experimental
counterparts (see also Table 1 of Ref. (6)). Moreover, the remaining discrepancies

3 It should be noted that the number of significant figures for experimentally derived hfcc values is generally
smaller than that given in Tables I and II: in some instances the ab initio results are within the estimated
error limits quoted in experimental studies cited. Note that the results published in Ref. (18) for '*C'*CH
and ">)C'2CH deviate much more than expected from those found in other experimental works for '*C'*CH

and BC'*CH.
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TABLE Il

Comparison of the Theoretical Vibronically Averaged Values for 1/24,, with the Corresponding
Experimental Findings Given Generally in Terms of the Parameter ¢ (see Eq. ( 10b))

1/2<A >/MHz
c, G H
v th exp th exp th- exp
000 44264 | 4077 4.110°
“eteH 1.977° 4.0847*
010 4.6437 | 4413
000 19351 | 163 | 44218 | a0
"CPCH | g1 19.288 4.6454
000 42600 | 44.0° 44288 | 4.0
"CRCH | 19 41.044 4.6463
000 42591 | 39° 19346 | 177 | 44305 |4
CRCH | g10 41,037 19.282 4.6482
000 0.67760 | 0.712° 0.530"
"D | g10 0.71108
000 19.259 0.67773
RS T 19.129 0.71125
000 42717 0.67808
CEED 1 g1 41.268 0.71163
000 a2.715 19.252 0.67818
D | 010 41.269 19.121 071177

Note. For notation see Table 1.

between the ab initio results for 4;,, and their experimentally derived counterparts,
after the integration over the vibronic wavefunctions has been performed, are in accord
with the experience with similar systems (24, 25): It has been found, namely, that the
computed values for 4;,, normally underestimate those obtained experimentally, which
should be looked upon as a consequence of difficulties in describing the correlation
effects. The differences in the relative errors for various nuclei can be explained in
terms of the structure of the electronic wavefunction for the 124’ (X) state which
dominates the electronic part of the total wavefunction for the lowest-lying vibronic
levels. In this state the singly occupied orbital represents a binding o orbital between
two carbon atoms, localized predominantly at the terminal nucleus (C; ). This results
in a large value for 4;,, of C, and a relatively good description already at the SCF level
of sophistication. The absolute values for 4;,, become smaller and the relative errors
(due to increasing importance of a proper description of the electronic correlation)
larger by going toward the C; and partially the H nucleus.

The above statements demonstrate clearly that the vibronic coupling produces sig-
nificant effects even in the lowest vibrational states. Let us illustrate this in two examples.



VIBRONICALLY AVERAGED VALUES FOR hfcc’s 77

TABLE Il

Mean Values of the Ay, for All X = 0 and K = 1 Vibronic Levels of "CCH
with v, (C~H Stretch) = 0 up to 6000 cm™

K =0 K=l
<A_=,>/MH2 <A >/MHz
Vi Vi pjem i vyem
sC, %, H “C, “C, H

0 0 o 82 153 392]1 o0 332 191 118 318
200 T4 761 111 289 |3 0 105 | 716 98 248
4 0 1513 693 95 235 0 1934 | 665 83 195
0 1 1814 808 143 340 [1 1 2017 | 704 117 24.6
6§ 0 2362 | 648 90 114 |7 0 2793 | 628 93 156
2 2488 | 728 129 263 |3 1 2849} 636 105 171
8 0 3218| 628 104 154 {0° O 3550 | 263 71 -174
4 3288 | 635 104 158 |5 ) 3640 | 602 115 134
0 2 3563] 701 143 24719 0 3734 | 601 94 116
"0 3838 | -183 209 -420 [1 2 3954 | 430 98 0.3
6 1 4058 | s94 117 120 |2- o 4379 | 120 S50 -29.6

10 0 4190 590 96 99 17 1 4485 | 510 12] 9.7

2 2 4273 697 153 241 {131 O 4648 | 549 92 5.8

30 4829 § -18.2 209 -415 |3 2 4738 | 536 125 9.0

8 1 4500 58 150 117 | 0° 1 5150 | 178 7 -258
0 4945 518 124 45 14 0 5328 | 439 124 -12

2 0 5122 543 92 3519 1 5370 | 233 68 -204
2

4 5265 604 154 145 |5 2 5465 | 431 116 2.5
- 1 5454 | -17.8 220 -420 |13 0O 5600 { 528 95 1.2
0 3 5506 382 135 37 |1 3 5713 | 467 131 24
10 1 5785 523 144 49 |27 5994 67 48 -34.6

5° 0 5875 § -17.9 208 -41.1
6 2 5943 559 147 8.5

Note. C, is the terminal and C, the middle C atom. The vibronic term values are also indicated. Superscripts
0. —, and + of v, {(bending) quantum numbers denote the “unique™ level and the levels belonging (pre-
dominantly) to the I~ and IT* potential surfaces. No superscript: vibronic levels of predominantly Z electronic
character.

Cochran ez al. (7) stated in their paper that the ratio of the splittings of the lines in
the ESR spectra of C;H and C,D attributed to the hyperfine structure of the hydrogen
isotopes is 6.33, differing significantly from the theoretical value of 6.51. The authors
concluded that “the mechanism which produces the observed hyperfine splitting in
ethylene is rather complicated, and at present we cannot explain this isotope effect.”
The result of the present study (6.32, Table I) is in quantitative agreement with that
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TABLE IV
Vibronically Averaged Values for A4, in '*C'3CD Calculated in the Present Study
K =0 K=l
<A _>/MHz <A >/MHz
v, vy ,;/cm_, v, \7 &/cm_,
5C, "c, D BC, ®C, D
o o 0 896 159 620 |1 0 252 | 816 127 5.21
20 543 786 118 478 |3 0 838 | 744 105 4.22
4 0 1148 721 100 388 |5 0 1464 | 694 93  3.48
0o 1 1702 825 148 547 | I 1 1900 | 739 124 4.28
6 0 1790 678 92 320 )7 0 2123 | 658 88 288
2 1 2206 750 131 440 (3 1 2474 | 686 116 3.49
8 0 2461 645 88 263 (9 O 2806 1 629 87 234
4 1 2788 685 120 341 |5 1 3088 | 636 112 2.69
10 0 3154 618 87 211 [0° o 3430 | 466 106 027
0o 2 3334 702 139 377 {110 3507 | 605 87 1.84
1 3425 659 123 297 [1 2 3688 | 356 77 -1.17
-0 3741 | -183 210 -648 |7 3770 | 522 109 1.06
12 0 3861 646 118 271 |27 0 4082 | 361 90 -1.06
2 2 3862 646 118 268 |13 O 4221 | 582 88 1.32
8 1 4084 613 121 219 {3 2 4267 217 15 -2.19
4 2 4415 641 152 287 ]9 1 4433 | 591 123 1.83
3- 0 4498 | -18.2 209 -6.40 |5 2 4745 | 552 136 1.67
14 0 4579 573 9 109 {4 0 4935 | 121 48 -4.52
10 1 4747 503 113 054 [15 0 4941 | 544 90 0.60
1* 0 4825 | 539 141 15 [0° 1 4975 | 272 85 -2.55
6 2 5061 629 160 271 |l 1 5122} 551 123 110
0 3 5220 383 119 -046 |} 3 5250 f 336 106 -1.55
[ 5282 | -17.8 220 -6.48 [7 2 5416 | 556 153 1.63
5 0 5293 | -18.1 209 -6.35 |27 1| 5654 | 209 78 -3.33
16 0 5300 553 93 05517 0 5663 | 534 94 0.17
121 5483 569 134 125 |6~ 0 5693 | 42 44 -5.45
2 3 5538 646 168 306 [2* 0 5761 | 247 85 -2.88
8§ 2 5749 594 170 212 |13 | 5854 | 518 140 0.60
303 5987 | 434 144 0.21

Note. For notation see Table III.

finding and moreover offers its simple explanation: In C,D the ground vibronic level
lies somewhat lower than in C;H and consequently possesses a slightly smaller “per-
centage” of the II electronic character than the corresponding C,H level (see Tables
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TABLE V
Vibronically Averaged Values for 1/24,; in *C'*CH

K =0 K=l
1/2<A>/MHz 1/2<A>/MHz
v, vy v, v,
uC,  *c, H ¢, %C, H

0 0 426 193 443 (1 0 [410 193 465
20 413 21 448 (3 0 |41 206 449
4 0 414 213 432 |5 o0 |44 218 426
0 1 395 176 491 |1 1 [366 166 529
6 0 416 223 418 |7 0 {400 212 4.43
2 395 190 464 [3 1 [384 195 472
8 0 393 207 451 |0 0 | 7.5 -61 978
4 413 224 416 |S 1 [358 176 504
o 2 342 142 569 |9 0 422 238 403
-0 | <138 -230 14 [ 2 |90 32 747
6 1 379 200 463 (2 0 [-30 -139 9.9
10 0 426 244 397 |7 1 {370 196 473
22 386 189 4064 |11 0 1407 232 424
3= 0 | -141 -26 908 |3 2 [309 136 536
8 1 332 153 542 [0° 1 [-06 -130 11.09
* 0 320 150 569 |4 0 |237 84 566
120 429 255 40 19 1 [0 20 648
4 2 320 135 583 s 2 |236 80 6.2
- -138  -230 1141 [ 13 0 |427 256 405
0o 3 134 22 900 |1 3 [0 79 6.4
10 1 351 186 495 [27 1 |-74 -17.5  9.69
5= 0 | -143 223 702

6 2 353 177 5.09

Note. For notation see Table II1.

1and V of Ref. (4)). Since the electronic matrix element of the isotropic hfcc for the
T electronic state has, according to our calculations, the value of ~45 MHz at the
linear molecular geometry, and since furthermore that for the II state ~ —43 MH~,
it follows that the vibronically averaged value for the isotropic hfcc in C,D should
slightly increase relative to that in C;H.

Woodward et al. (17) found that in the (010) K = 1 vibronic state of C;H “the
dipole—~dipole parameter c is 7% larger than in the ground state, but the Fermi contact
parameter, bg is 21% smaller, possibly reflecting the effect of vibronic mixing on the
unpaired electron.” The present study predicts aimost exactly the same decrease of
the b value by going from the (000) to (010) vibronic level (Table I) and a very
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TABLE VI
Vibronical Mean Values for 1/24,, in *C"CD

K =0 K=l
1/2<A >/MHz 1/2<A . MH2z
v, Vy vy v;
"C, %, D ", %, D

0 0 | 427 193 0678 |1 0 | 413 190 0712
2 0 | 413 197 069 [3 0 | 410 200 0.695
4 0| 412 206 067915 0 | 412 211 0669
o0 1| 397 176 o07152|1 1 | 374 168 0.801
6 0 | 415 217 0653 (7 0 | 417 222 o0.642
2 1 | 392 184 0736 |3 1| 377 -180 0.764
8 0 | 420 228 0628 |9 0 | 422 233 0617
4 1} 387 190 07225 1 | 315 187 0.744
10 0 | 426 239 0605 {0° 0 | 187 22 1260
0 2| 339 139 0891 |11 0 | 429 244 0.5%
6 1 | 3901 200 06941 2| 165 16 1.274
I~ 0 |-138 231 1841 |7 1 | 286 115 093
12 0 | 396 206 0697 [2- o0 | 139 -07 LI&
2 2| 400 209 0684 |13 0 | 436 255 0.579
8 1 | 394 212 0670 |3 2 92  -43 1306
4 2 | 346 158 0814 |9 1 | 383 204 0677
3 0 |-140 -228 1538 |5 2 ] 305 132 0834
14 0 | 441 262 0569 {4 0 | -34 -142 1307
10 1] 316 148 0892 {15 0 | 423 249 0.59
1+ 0 | 272 96 1020 [0° 1 59 27171 152
2 ] 327 141 0868 [l 1 | 383 2.1 0680
0 | 165 97 1308 {1 3| 133 -12 1348
- 1 | -138 -231 1841 {7 2 | 308 134 0853
5= 0 |-142 -225 1280 |27 1 32 <91 1360
16 0 | 449 275 0557 |17 0 | 444 273 0571
12 1 | 406 232 0626 {6° 0 |-103 -200 1,385
2 31 313 124 0915 (2% o0 | 109 -19 1138

8 2 36.5 187 0722 {13 1 35.1 185 0.717
3 3 17.3 1.2 1.207

Note. For notation see Table II.

similar (~5%) increase of ¢ (Table II), both of these effects being easily explainable
in terms of a significantly stronger admixture of the II electronic state in the (010)
vibronic state (Table I of Ref. (4)) and of the values for the isotropic hfcc and the A4,.
component of the dipole-dipole tensor ( Table I, Figs. 6 and 8 of Ref. (6)).
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FIG. 1. Vibronically averaged values for A, for the terminal C atom in '*C'*CH calculated in the present
work. (@) K = 0, (X) K = 1 vibronic states. Notation: v,vs; v, is always equal zero. Superscripts 0, —, and
+ denote the unique vibronic level and the levels corresponding (predominantly) to the 11~ and IT* electronic
states, respectively. Horizontal lines denoted by A..( Z/IT) correspond to the values for the electronic matrix

element of the isotropic hfce calculated for the pure £ and IT states at the linear geometry and the C-C
distance for 2.3 Bohr.

Tables 111~V give the vibronically averaged values of the isotropic hfcc and the
quantity 1/24,. for all K = 0 and K = 1 levels of '*C'>*CH and '>)C'*CD in the energy
range up to 6000 cm™! calculated in the present study.® We do not present the results
for the other isotopomers because of relatively small differences arising by substitution
of 12C by '>C (see Table I). Figures 1-3 graphically present the results for the isotropic
hfce for all three atoms in '>C'>*CH. In spite of the fact that the present theoretical
results very reliably reproduce and explain the experimental findings for the lowest-
lying vibronic levels, their predictive power (at least in the quantitative sense) con-
cerning the higher levels should not be overestimated. As discussed in detail in Refs.
(3-5), the accuracy of the calculations for the vibronic levels lying in the region where
the Z and II electronic states are strongly coupled with one another (particularly in
the neighborhood of tue minimum of the II potential surface) is restricted by the

¢ The results for the levels with v, # 0 are not presented because C~H stretching is assumed to be decoupled
from other degrees of freedom (3).
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FIG. 2. Vibronically averaged values for Ay, for the middle C atom in '*C'*CH. For notation see Fig. 1.

inability of the pure ab initio treatment to ensure a quantitatively reliable description
of the local perturbations between the levels belonging in the zeroth-order approxi-
mation (no vibronic coupling) to different potential surfaces. This is caused primarily
by a very probable underestimation of the electronic energy difference between the I1
and T states by 270 cm™' (3). Furthermore, as already mentioned the Cartesian
components of the anisotropic part of the hf tensor are related to the coordinate system
whose z axis lies always along the C~C bond, i.e., to the frame corresponding neither
to the principal axes of inertia system (for bent molecular geometries) nor to the
principal hff tensor axes system—this might contribute somewhat to the discrepancies
between the theoretical and experimental (if they are related, as usually, to the principal
A, axis system) results, for higher vibronic levels.

In general, the variations of the mean values for the hfcc’s from one vibronic level
to another can be looked upon as superposition of three effects: (i) geometry (partic-
ularly C-C stretching and bending) dependence of the electronic matrix elements of
the hfcc’s; (ii) presence of the nondiagonal electronic matrix elements (Z| 4|11 );
and (iii) Z-II electronic admixture in the vibronic levels. We find that the main
source for inaccuracies in the calculation of the vibrationally averaged mean values
is the effect (iii). This is in accord with our experience in computing of the vibronic
transition moments (3, 4) and the spin-orbit splittings of the vibronic levels (5).
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FiG. 3. Vibronical mean values of A4, for the hydrogen atom in '*C'>*CH. For notation see Fig. 1.

CONCLUSION

In the present paper we show that a pure ab initio treatment is capable of reproducing
reliably and explaining the experimental findings concerning the hyperfine effects in
the long wavelength region of the C,H spectrum, at least those formulated in terms
of the values for the hfce’s. The importance of averaging over the vibronic wavefunction
for achieving a quantitative agreement with the experimental data is also demonstrated.
By the same token it is seen that it is not justified to evaluate the accuracy of ab initio
calculated electronic mean values for the hyperfine parameters solely on the basis of
the discrepancies between these quantities and the corresponding experimental data,
in particular if a significant coupling of electronic states is present as in C,H.

As a general conclusion concerning this series of papers devoted to the explanation
and prediction of the features of the C,H spectrum we want to stress a few important
points.

The key step in the vibronic treatment undertaken is the transformation of the
adiabatic electronic wavefunctions into their diabatic counterparts. Through this simple
“rotation” of the basis several important goals are simultaneously achieved:

— The cumbersome nonadiabatic matrix elements of the 8/dp and 8%/dp* type
are avoided or at least their influences minimized. This means a significant saving in
computer time which would otherwise be required for their computation at various
nuclear arrangements.
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— The geometry dependence of the potentials as well as of a number of molecular
properties (electronic transition moments, spin-orbit and hyperfine matrix elements,
etc.) is greatly simplified. This offers the possibility of several approximations which
substantially simplify the vibronic treatment.

— A number of effects can be elucidated easily in terms of the diabatic quantities.

Of course the attraction of the diabatic transformations is substantially determined
by the ease with which the transformation matrix (in the present case the transformation
angle for the two-state problem) can be obtained. Fortunately it is possible to find
ways to construct it simply and reliably without any additional calculations over those
serving to generate the electronic energies and wavefunctions and elementary molecular
properties (e.g., electronic transition moments) (2).

We hope that in this series of papers we have shown that ab initio calculations by
themselves are capable of reproducing reliably not only the global structure of the
electronic spectra of small molecules, but are also able to predict a number of details
caused by subtle interactions between various states. It is also seen, however, that the
accuracy of the theoretical results for energy levels is generally lower than that normally
achieved in high-resolution measurements. This is particularly apparent for effects
which depend strongly on local perturbations being extremely sensitive to the relative
position of energy levels; this means that very small errors in the calculated potential
surface may cause an energy shift large enough so that local perturbations are not
operative any more. In principle, the overall accuracy of the ab initio results could be
improved by a more elaborate theoretical treatment; this would include a larger AO -
basts and a more complete CI, use of the entire three-dimensional potential surface
as well as the explicit consideration of the rotation—vibration coupling, etc. Even if
such a type of calculation were possible to date for a three-state problem as the present
system treated, it would require probably an order of magnitude more computational
expenditure. At the present time we do not feel that such effort would be justified by
the expected higher numerical accuracy of results. Certainly one major advantage of
the theoretical treatment is that it was able to explain the source of the various irreg-
ularities observed in the measured spectrum, to show the interactions between various
states, and to point out the mechanisms operative for the appearance of the low-energy
levels of the ethynyl radical.
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