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GEOMETRIES OF THE EXCITED ELECTRONIC STATES OF HCN
Gretchen M._Schwénzer, Stephen V. O'NeilT, and Henry F. Schaefer III++
Department of Chemistry and
Lawrence Berkeley Laboratory
. University of California
Berkeley, California 94720
and
. L o
‘Craig P. Baskin and Charles F. Bender
Lawrence Livermore Laboratory -

University of California
Livermore, California 94550

ABSTRACT

’Ag‘initio quantum mechanical electronic structure calcﬁlaiions have
been'carried‘qut'fo} the ground‘staté'and 12 1ow-lying (< 10 eV) excited states
of HCN. A.c§ntrééted gaﬁssian basis set of essentiglly doﬁble zeta quality
waé'émplqyed.\?A new theoretical approach, whichlshould be widely applicable,
%as appiied'ta the excited electronicrstates. First oﬁe selects a physically
meaningful set of orbitals, which, hopefully, will be about equally suitable
for all the electfonic states of interest. After selecting a single éonfiguration
tévdescribed each electronic state, configuration interaction is performed
including all éohfigurations differing by one orbital from any of the selected
reference configurations. The method'appears to be one of the simplest gapabie
6f tréating.séveral,states of the same symmetry. The bredicted ééometries
have been compared with the experimental results of Herzberg and Innes, as well
as the appropriaté Walsh diagram. The gy;initio calculaticns and the Walsh

diagram concur that Herzberg and Innes's assignment of the B 1A" state, with bond
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angle 114.5°, is incorrect. Although the theoretical predictions are in
several cases at variance with the Walsh diagrém, these differences.can‘in most
cases be Jjustified in terms of a breakdoﬁn of £he single configuration picture
of electronic structure. One modification of Walsh's diagrém is suggested,
avchange in the shape of the 5a' orbital binding energy; ‘Without this
modificatioﬁ, the Walsh predictioﬁ is in serious disagreement with Herzberg an@
Innes's 141° bond angle for the EllA' statef: The present theoretical stﬁdy

predicts a‘bond,angle of 141.2° for the third lA' electronic state of HCN.
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THEORETICAL MOTIVATION AND APPROACH

It is ﬁow well establishedl’2 that non-emﬁiriCalwself—consistent—field
theory is capable of yielding reliasble predictions of the geometries of
molecules in their electronic ground Stateé._ In principle, these same methods
should yield accurate geometry predictions for mosﬁ exéited statés. An obvious
ekéeption would bé:any excited electronic state which is'not well described
by a single electron configuration.

.Unforfunately, single configuration self-consistént—field (scr) procedures
are not as well. defined for the first and higher excited states of a particular'
symmetry. This is because such excited state single configurétion SCF wave
functions do not, in general,3 Yield variational energies. 1In genéral,
mulficonfigurétionﬂwave>functions'are required to'providé a variational
description of .excited states of a single symmetry.y

In.recent years we have used a somewhat unconventional method for
obtaining SCF.wave functions for the lowest state of a pérticular symmetry.5
The method exploits Brillouin's Theorem,6'which states that for a closed shell
éystem, fhe SCF wave function has zero matrix elements with all configurations
("single excitations") differing by one orbital from the SCF configuration.

The procedure is as follows: one makes any plausible éueSs_for the SCF orbitals
end then carries out s configuration interaction (CI) calculation including the
SCF cbhfiguratién plus all single excitations. The first—order‘density métrix
from this wave function is then diagonalized to yield a new set of drbitals;
the'hatural ofbitals.7 Using the new set of orbitals, the CI calculation is

repeated. Continued use of the iterative natural orbital procedure8 on this

particular typé of wave function results in a CI wave function in which the
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coefficienf of the SCF configuration is 1.0 and the'ééeffiCiehté of all other
| configurations are 0.0. By satisfying Brillouin's'theorem; one has obtained
the true SCF wave function within the chosen‘basié sét.

It is imp&rtant to point out that the abéve>procedhre is equally
appliéable.fo opén‘shell SCF wave functions, even thoughjit\iS'often stated
that Brillouin's tﬁedrem holds only for closed Shell-SCF wéve functions. In
facf, Briliduih;sltheorem is applicable in a restricted sénéel to‘open shell
systems., Specifically, an open-shell SCF wave function'ﬁiil have zero métrix
elements with all_singly-excited configurations which retain the ppenvshell
structure (e.gi the spin coupling) of the 5CF wave function. Consiaer,_for

example, the SCF wave function for the lowest 3H state of CO
162 207 302 ho® 11rh (50 2m 3H) (1)

where the triplet coupling of the unfilled 50 and 27 orbitals has been_indicated.
If one has obtained the correct SCF wave function for the 3H state then the

' following single excitations will have vanishing matrix elements with wSCF:

(10 no z¥) 20° 302 ho? 1ﬁh (50 2w 1) ' _ ' | (2)
}02 (26 no 1z") 302.1402.11rh (50 21 1) | _ ’ | (3)
102 20° (30 no 1r¥) ko inh (50 2r M) (W)
162 262 362 (ko no 1) 10" (50 2r ) - (5)
162 262 362 1o? (1n% wr 11) (50 2r 3) | (6)
10° ;02 302 4o? 1n* (no 2m 1) - . (7)
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2

10 202 302 hcg 1nh (50 mmw 3

m D (8)
where no represents 60, 70, 80, 90, .;., and mm represents 3m, hmw, 5w, 6m,
Note that the 3H coupling of the last two orbitals is retained in all the
above configurations. By analogy_with the closed-shell éase, fhen, the iterative
natural orbital proceduré applied to a wave function consisting of all
configurations (1) throﬁgh'(B) will &ield.the true SCF wave function for the
lowest 3H state,qf.CO.
With thevabove;discussion in mind, let us return to the préblem of

- obtaining SCF wave functions for more than one electronic state of a particular
symmetry. Assumeithat from simple molecular orbital théory one has a good ides
of the‘electron'configurations which correséond to each state of intefest.
Then, a reasonable coﬁrse of action might be to éonstruct a.Ci wave function
including all appropriate (as indicated in the previous paragraph) sihgle
'excitations with. respect to all the electron configurations we desire to
deécribe properly. This wave function should be of single configuration SCF
guality for all the electronic states we wish to describe. Acﬂually, the wéve
funCtioné obtained should be of better than SCF quality, sinée éll single
excitations have been included with respect to several reference configurations.
Therefore, somé double excitations will be inclﬁded with respect to any one -
.particulér SCF éonfiguration. |

k The p?ocedure described would appear to be & relatively simple bﬁt
présumably reliable method for the prediction of the geometries of the excited
states of molecules. In the present re;éarch we have applied this method to

the valence excited states of HCNf
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QUALITATIVElVIEW OF THE LOW;LYINd EXCITED STATES‘CF HCN

HCN is isoelectronic with two simpler diétomic»molecules, N2 ana co,
from which we begin our qualitative discussion. -It is someﬁhét eaéier to make
analogy between HCN and co, sinée bbth'molegules (uniike Nz).lack a center of
-inversion. In aédition, somewhat:more information,iboth4theoreticai9.and
experimental,lo is available for CO than for N2. |

The electronic.ground state of CO is well described near its equilibrium
geometry by the electron configuration

10° 20° 30° hog 50° 11Th 1g* o : (9)
The only low-ljing unoccupied valence orbital is 2n.and’the molecular excited

states arise from the ' electron configurations

102 202 302 W 50 1nt 2r O, n | | (10)

2 3

16° 202 30° Lo® 50° 1mS o

3,1, 3= 1~ 3

A, LA, 3p, 1T, 3, Lt

A | )
Except for lZ+, all eight of these.excited states have been predicted
theoreticallyg and observed experimentally.lo If isoelectronic arguments are
apﬁropriate, theﬁ one would expect all of these states to have countérparts in
the HCN molecule. |

For general geometry, the HCN molécule has only a plane of symmetry and

therefore belongs to the Cs point group. The relation between the va and CS
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orbitals is: lo —> la', 20 —> 2a', 30 —> 3a', bo —> ka', 50 —> 5a',
1m —> 6a' and 1la", 2T —> 7a' and 2a". Thus, the C, configurations

corresponding to (10) are
N
12'2 221 3a'? 4a'® 58" 6a'? 1a"° Ta 3ar, a (12)

|I2

16'? 2a'% 3072 ba'® 5a’ 6a'? 12" 2a" 3pm, Lan (13)

In the same way the va electron configuration (11) becomes, for CS symmetry ,

four distinct electron configurations.

13'2 25'2 3&'2 ba'? 5a'2 6a'2 la" Ta' 3A",'1A" v (14)
la'2 ?a'a 3&'2_ha'2'5a'2 62’2 1a" 2a" 3A', lA' (}5)
la'2 2a'2 35'2 ha'2 5&'2 6a' 1a"? Ta' 3A', 1pr v (16)

n2 2a" 3A"; lA" _ (17)

1a'2‘2a'2 32" 4a'? 5412 6a' 1a

In this way one can combine the gvailable information about CO with simple

molecﬁlar orbital theory to predict the low-lying excited states of HCN: lA'

(3, or 2 excluding the repulsive9 1t a0 (3), Ty (3), and

_3A" (3).

state of CO),
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BOND ANGLE,PREDICTIONS_FROM WALSH'S RULES;'COMPARiSON_WITH EXPERiMENT

Perhaps the earliesf'attempt to predict the boﬁd angles'of théiexcited
stafes of HCN‘was thaf of Wélshll in 1953.' The dne;eleCtron energy diagram he
constructed is.réproduced in Fig. 1. By assuming that the total energy of any
 electronic stafe is Just the sum of the one-electron eﬁergieé, one can
qualitafively prédict the ordering and bond angles of the HCN excited states.
For the electron configurations discuséed-éarlier, these'bredictions are
summarized in Table I.-

The predictions of Table I are based in pért on Wélsh's belief?l that‘
"HAB molecules containing 10 or leés valency electrons will bé linear in their
ground states'. Thus, replacing any ground state orbital by the 2a" orbital
will yield a linear exéited state. In this regard,.note that the 1la" ——> 23"
states should ﬁavebessentially the same bending force constant as the HCN ground
state, since the 1la" and 2a" one-electron ehérgies are parallel as a function
of bond angle in Fig. 1. |

It is important to point out that Walsh's predictions were made in
1953, prior to the.availability of any information‘concerning the HCN excited
state bond.angles. In,l957, the spectroscopic work of Herzberg and Innes12
established the existence of three bent excited stafes of HCN. The lowest
(To.= 6.48 ev) of these is the K'lA" state, with bond angle 125°, and Herzberg
and Innes assign this state to electron configuration (1k4), 5&‘2 6a'° la"‘7a'.
The B YA" lies at 6.77 eV with bond angie 114.5 and is assigned to electron

"2 g, Finally Herzberg and Innes observed the

configuration (17), 5&'2 6a'l;a
C lA' state at 8.1L4 eV and bond angle 141°, and assigned it to electron

configuration (12), 5a' 63'2 la"2 Ta'.
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For the A state of Herzberg and Innes, their fiﬁdings are completely
consistent with Walsh's disgrem, Fig. 1, and the corresponding prediction in
Table i. For the E'state (bond angie 11L4.5°), however, there is a serious and
inescapdﬁle conflict‘betweén the experimental assignment (lA") and‘the Walsh
diagram; Aé Table I indicates, the Walsh argument stafes fhatfthere is only

1" state of HCN, and that the otherftwo‘lA" valence

‘aysinglé signifi¢antl& bent
states are néafiy linear and linear. In additioh, thé assignment of the
5a' 6a'2 la"2 TaJ‘configuration to the E’lA' state is hot completely consistent
with Walsh's diagram., From the Walsh diagram,>fhis configuration should yield
a strongly bénf.state, not one ﬁith.bond angle 141°.

One of the primary éoals of the bresent research then, is to attempt
to resolve and understand the discrepanciesvbeiween wélsh's diagram and-
experimént for the bond angles of the g and E stafes.'.In this régard we note
that Absar and MbEwenl3 have attempted to rationalize_fhe expefimental results
by constructing a new Waléh-likebdiaéram for HCN. In addition, we would hope
.to predict the-bond'anéiés of the eight expected excited states of HCN which
have not been observed experimentélly. |

Finally, there is considerable interest in the HNC isomer, which has
been isolated in a noble gas matrix,lh and_perhaps obéerved in interstellér'
space.15 This bfings to mind the possibility-of the existence of excited
electronic states of HNC. In addition, an electronic state with equilibriwm
geometr& interiediate between that of HCN‘and thaﬁ of HNC might provide a

mechanism fqrbisomerization. At ?resentvwe can state énly that preliminary .

reéplts_imply many similarities between HNC and HCN, but no apparent electronic
' pathway;fér'facile interconversion. A lafer,paper will deal with the excited

states of HNC in detail.
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DETAILS OF THE THEORETICAL APPROACH

The basis sét chosen for the present work cbnsisted of contracted
gaussian functions centered on each nuéleﬁs. For hydrogen, &  3s contraction
of Huzinaga's 5s primitive gaussian basis16 was ﬁsed. For C and N, Dunning's
bs 2p contractions17 of Huzinaga's 9s 5p basis sets were used. For general.
‘geometry, then, the basis consists of 19a' and La" basis functions.

Perhaps;the ﬁost serious difficulty in.célculatiOns'of thé present
type concerns the choice of procedure for obtainiﬁg the molecular orbitals.
Since the use of the iterative natural orbitsal procedure for each electronic-
state would remove .the calculations from the "simple" classification, we desired
a set of molecula: orbitals that would be éboﬁt equally appropriate for each
electronic state. Note fhat the type of CI we have in mind depends only on the.
form of the la' - T7a' and 1la" - 2a" orbitals, which ére occupied in the single
configuration wave functions (12) - (17), which we expéct will provide a good
qualitative description of the electronic states of interest.

The first approach taken was to obtain the moleculgr orbitais from SCF

5

calculations cn the “A' state

1a' 2a'2 32'% 4a'? 52'% 6a' 1a" Ta' 22" - (18)

This procedure is analogous to that used suécessfully by Fougere and Nesbet1

for the excited electronic states of C, at large internuclear separsation.

2
Unfortunately, this method did not work outstandingly well for HCN. Specifically,
using'ﬁhese valence orbitals, some of the states we expected to be well described

by a single configuration were in fact described as linear combinations of

several configurations.
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A more adequate procedure involved the use of the SCF orbitals la' - 6a'
and la" from the ground lA' state SCF wave function. The additional orbitals
Ta' - 19a' and 2a" - La" were required (by a previously described methodl9)

: . .
to describe the single particle states of the HCN ion. This was brought about

'by doing-a CI including the configurations

2at? 3a'2 4a'® 521 1a"° na’ n=7-19 (19)
and a second CI including
1a'? 2&'2 3&'2 ha'® 5a'2 6a'° ma" m=2-4 ' (20)

By transforming the virtual orbital space according to the eigenvectoré of the
above two CI problems, one obtains orbitals optimum to HCN+, and.feasonable
‘fbr HCN, 'These orﬁitals yielded improved total energies for the pertinent
excifed stateé of HCN, and, in addition, allowed a much simplified (fewer
important configurgtions) picture of thé electronic structures.

As outlined in the theoretical iﬁtroduction,_for each of the four
symmetries, a CI was performed:inciuding all single exéitations (retaining the
open;shell spin coupliﬁg)vwith respect to each reference ponfiguration expected
to describe one of the excifed'states.. For lA', in addition to the three
reference configurations givenrin Table I, all single excitations were iﬁcluded_

"2

with respect to the ground state configuration Sa'? 6a'2 la Following this

a@proach, we find 322 configurations for lA', 270 for 3A',.and 266 for both

lA" and 3A".
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GEOMETRY SEARCH. PROCEDURE
The predicted geometry of each electfdnic‘state ﬁas'obtained by
minimizing the total energy with respect £o.the‘twb bond aistanceé r (HC) and
R.(CN) and the bond angle 6 (HCN). After some pfelimiﬁary calculations designed
to roughly determine the locatioﬂ of the minima, the following procedure was
used. First a guess (rg, R, 6) Qas made of the;equilibriumvggometry.- Then

g &g

calculations were carried out for that point plus the six others
r_ + 0.1 bohr, R, 6 )
( g g’ 8

r - 0.1 boh R 0
(ry ohr, Rgs 6)

(rg, Rg + 0.1 bohr, eg)

(rg, Rg - 0.1 bohr, eg)
R 6 + 5°

(rs’ g’ g 2 )

36 - 5°
(rg. Rg g 5)

If the initial geometry yields a total energy lower than the other six (which
form an octahedral structure about the guessed geometry), then the true
equilibrium geometry must be quite close to (rg, Rg, eg). The seven energies

are fit to the simple analytic form

_ 2 ' 2 ' 2
E=a+ blr - re) + ¢(R - Re) + d(e‘— Ge)

which determines the equilibrium geometry (re, R, Ge). As a check, a final

calculation was run at the predicted equilibrium and a least squares fit of
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all eight energies madé to the seveﬁfparameter.fofm, In most cases the check
geonmetry agreed with fhat obtained from.the seven-point fitvto within 0.001 A
for eaéh bond distance and 0.1° for the bond angle. The géometries reported
here are those obtained‘the (exact) seven-point fit to the‘seven parameter form.

. In most caées the first seven geametries chosen did not bracket a
minimum. In that case the geometry corresponding to the lowest calculated
energy was taken‘as the new guessed geometry.(rg, Rg, Gg) and the entire
procedure repeated. Although this procedure is certainly not the most efficient
one imaginable, it is essentially foolpfoof,‘allowing all three geometrical

'parameters to .adjust simultaneously.
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RESULTS

Our results for the singlet apd triplet electronic States'ovaCN are’
summarized in Table II and III, respectiveiy. As noted‘in the caption, however,
the excitation energies Te have been éemi—empirically adjusted. The motivation
for this adjustment may be'seen:by comparing the X lZ+ minimum energy,
-92.9580 hartrees, with that for the K'lA" state, -92.6397 hartrees. - The
differenée, 0.3183 hartrees = 8.66 eV, is more than 2 eV'greater than the
_experimenta120,value;'To = 6.48. This large error is due to the calculations feihg
predisposed ir favor of the ground state. The most obvious reason fdr this.
prédisposition‘is the fact that for all electronic'stétes thé lo ; 50 and 1m
orbitals are the.SCF orbitals for the X lZf state. Therefére, all the Te |
values have been obtained by subtracting the difference (8.66 - 6.48) = 2.18 eV
from the ab initio T, values. |

We now.proceed to a comparison'of the theoreticél,_experimental,go and
Walsh predictions of the excited state HCN geometries. For the first excited
singlet state (K.lA"), the three bond angies are in essential agreement, the
ab initio fesult differing by 2.2° from experiment. A somewhat similar; but
less complete,. CI calculation by Ditchfield, Del Bene, and Pople21 yielded a
bond angle of 127.8°. 'The CI wave function is dominated by the-Sa'2 6a'?‘la" Ta'
configuration (coefficient 0.9714), and Walsh's diagram may be used to predict
this state as the lowest excited singlet, with a distinctly bent structure.
The CH and CN bond distances differ from experiment by 0.04L4 and 0.021 A, the
formér discrepancy‘being.somewhat larger than expected. Notelthat for the éround
state the CH and CN bond distance errors are 0.009 and 0.02h4 A,

According to Herzberg and Innes,12 the second excited singlet.state of

~ 1
HCN is the B “A" state, with bond angle 114.5°. As noted earlier, this result
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is not consistént with Walsh's diagram. Nor is'thé resuiﬁ of Herzberg and
Innes consisteﬁt'with the present theoretical study. We predict the second
Ty state to have bond angle 16L4.4° and the thifd to be lirear. . And these

two states are fairly well described by exactly'the cbnfigurations deduced from

Walsh's diagram,v5&'2 6a' 1a"° 2a" and 5a' 6a'° 1a"°

2a". We conclude that the
assignment of the second excited singlet state of HCN as a TA" stateris incorrect.
Note, in this‘regard, that Johns, Shurvell, and Tylereb.2 foﬁnd no analogue of the
B lA" state invtheir study of'thé related HCP moleéule. |

It is curious that our calculations predict to first excited lA' state
to lie at 6.78 eV, while the state Herzberg and Innes refer to as B A" lies at
6.77 eV. The angle of the calculated 2 1pt state is 124.9°, the smallest of any
.of the singlet-stétes of HCN. DNote, however, that there is stiil a 10.L4°

Tym by Herzberg

1discrepancy between our 2'1A' stéte and the state'labeled B
and Innes..“Ouf reéuit is consistent with the conclusion drawn from Walsh's
diagrem (see Table I) that the 2 lA' state should havé.a smaller bond angle than

.the loﬁest lA" state. However, Walsh's diagram would algo be consistent with
a bond angle of 114.5° for the 2 1ot state.

Actually;‘Table IT seems té suggest that Walsh's rules cannot be applied
in a simple manner to the 2 lA' state. This is because the single configuration
5a'2 6a' 1a"° Ta' AOGS not dominate the computed wave function at the equilibrium

. v . )2

geometry. In fact, this configuration amounts to only (0.7024)" ~ 49.3% of the

CI wave function. It is particularly worth noting that the other two con-

figurations with coefficient greatef than 1/3, Sa' 6a'2 la"2

“Ta' and
5a'2 6a'2 la" 2a", would have opposite effects on the predicted bond angle.

However, we must be rather cautious here in our criticism of the single
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configuration approximatibn, since our»remarké pefﬁéin only to'céiculations
carried out with & set of molecular orbitals suited to the ground eléctronié
state. A set ofvgrbitals expresélyvtailored for ﬁhe_2 lA’ state might yield
a éimplér descripvion of the CT wave function. This ihtuitivebfeeling is

strengthened by the fact (see Table IIT) that the 1 -

A' state iSerry well
described by the 5#'2 6a' 1al® Ta"configuratioﬁ. |

In order to[tesﬁ this intuitive feeling, additiohal analysis of the
2 lA'”staté wave function was performed. .Specifically,‘the;natural orbitals
were obtained by diagoﬁalizing the first order density matr_-ix.7 Then the CI was
repeated uéing the 2”1A' natural orbitals. vThevcoeffiéient;of the 6a' —> Ta'
configurafion was 0.8794, or 77.3%.of the wave function. Thus, the 2 lA' state
is rather well described by a single configuration in terms of its own ﬁatural
orﬁitals. The other major effect of the ﬁéﬁural orbital transformation is to
lessen the coefficient of the 5a' —> Ta' configuratibn from 0.5123 to 0.0323,
The 1la" —> 2a" configuration does reméin'important, with coefficient 0.3807.
Finally, the natural orbitél 6ccupation_numbers for the 2 lA'vstate were ...
ha'i'995 5611:966 ¢\ 1178 0849 ) 11.839 , 10.160

Our discrepancy with Herzberg and Innes over their B A" state (and
the resulting uncertainfy as to Qhether this state is in fact the 2 Ty state)
.makes'it difficult to compare our results with their third HCN excited state,
E'lA'. The fact that this state lies at 8.13 eV and has‘a 141° bond éngle
_ inclines us to believe that the E’lA' is our 3 lA' state, which has Te = 7.85 eV
and bond angle lhl{é°. This is another case where there is no dominant o

2 "e

configuration in our wave function, although 5a'’ 6a'" la Ta' corresponds to

55.4% of the wave function. Note that this configuratidn is the one assigned
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by Herzberg.eo’ waever, from Walsh's diagram, this configgrétion should yield

a strongly bent éléctronic state. The second most imporfant configuration,
however, tends to make the state linear in a Walsh picture. Our general feeling
is ‘that Walsh's rules are not invalid, but rather inapplicaﬁlé;_in situations

of this kind.

The three rémaining excited singlet states are all either linear or
nearly lineaf, the 2 1A" state héving 5ond angle 16L.L4°. The latter result
agrees very nicel&‘with our Walsh diaéram prediction‘(Table 1) ﬁhat.this state
should be slightly bent. In addition, the 3 lA" aﬁd L lA' states are correctly
predicted by the Waish diagram to be linear.

TQ our knowlédge,’nothing is known experimentally about the geometries
of the triplet statés of HCN. However, in the sense that each state is
réasonably well;described (coeffiéieht 2 0.8) by a single configuration, the
triplets ﬁrovidé a'much'more clearcut test of the validity of Walsh's ideas.
.The lowest tripiet, the 3Af‘(6é' —> Ta' in simplified notation) is indeed
bent (128.6°) as prédiéted by Walsh but is less bgnt than the 1 SA"

(la" -—>.7a').staté (117.0°). vAccording to Walsh's diagraﬁ, the 6a' —> 7a'.
configuration shoula be slightly more bent than the la" «—> Ta' configuration.

The 2 3A'.state is predicted by the ab initio éalculations to be
slightly bent (160:0°), while the Walsh diagram suggests that its dominant
configuration (15“ ———>.2a") should yield a bond angle identical to that of
~ the gréund 12+ étate. However, this slightly bent state cah be easily ratidnalized.
by noting that‘the strongly'ﬁent configuration 6a' ——> Ta' contributes about |
_ 3

25% of the wave function at equilibrium. The 2 “A" (6a' —> 2a") state is

" also calculated tc be slightly bent (157.4°), and this prediction is completely

v

consistent with the Walsh diagram.
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" A 132.6° bond angle was computed for thev3 SAf_(Sa' —_— Ya') state.
Since Walsh's diagram suggests that this triplet stéte should be the mogf bént,b
there is a significant diécrepancy here. Again the discrepancy can be
rationalized in térms of the sighificant ambunt of mixinngith the linear
(1a" —> 2a"):configuration. In this sense this state is énalogous to its
isoconfiguratioﬁal signlet, the 3 lA'.state.4 waever, both results can be

rationalized in a single configuration picture by changing the shape of the '

5a' binding energy. Rather than increasing with decréasing bond angle, we

suggest that the'Sa“binding energy should decrease very slightly with bending.
This will predict the singlet and triplet states arising from the 5a' — Taf |
excitatién to have slightly larger bond angles than the 125.0° found
experimentally for the (la" —> Ta') A A" state. Tt is important to.note

that this adjustment does not affect the many other correct predictions made
from Walsh's diagram. This is because the 5a' orbital is doubly occupied in all
the other electron configurations except 5a' —> 2a". And, since X lZ+ HCN

has a substantial bending frequency (713 cm_l), it can easily be argued that

the 5a' ——> 2a" configuration will remain linear. Thus, the 180° bond angles

3

of the 3 TA" and 3 A" are understood in terms of both the original and the

modified Walsh disgrams.
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CONCLUDING REMARKS
' Forbthekmoét ﬁart, the preséﬁt theoretical étudy of thé excited states
of HCN provides é broad confirﬁation of the‘validity:of'Walsh's orbitél binding
energy jg, bond ahgle diagram. |

A crﬁcial test concéfns the stéte with llh}5° bond éngle assigned as
B tan by Herzberg and Tnnes. Our.gg initio calculations support the qualitative
conclusibn to be‘drawn from fhe Walsh diagram, that thiS'assignment is incorrect.
A more plausible aséignmenf (from,a.theoreﬁiéal pbint of view) is that.fhis
state ‘is the second étate of lA' symﬁetry.

There are several discrepancies with Walsh's diagram, the two most
serious of which can bé eliminated by changing the shape of the 5a' orbital
binding energy cﬁfve. Perhaps more important, this mddifiéatioh eliminates
the discrepané& wiih the 141° bond angle of Herzberg and Innes for the E’lA'
state. Alterﬁatively, in most casés the results_may-be juétified in terms of

a breakdown of the single configuration picture, and a resultant mixing of

configurations with different characteristic bond angles.
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Table I. Predictions of the bond éngles of HCN excited states based on Walsh's
' diagram, Fig. 1. ‘

© Symmetry : Electron Configuration o ~ Bond Angle
1a and 3A' : ' 5&'2 6a’ la"2 Ta' more bent
‘ 5a'° 6a'® 1a" 24" o © 180°
5a' 6a'C 1a"° Ta' : " most bent
1a" and 3p 5a'2 6a'2 la" Ta' | _ bent
5&'2 6a' 1a"° 2a" , slightly bent

5a' 6a'° 1a"° 2a" _ ‘ - 180°




Table II. Summazry of theoretical predictions for the singlet states of HCN. Te values were obtained

semi-empirically as described in the text. Bond distances are given in A ang bond angles in degrees{

Experimental quantities (in parentheses) refer to the lowest vibrational level (vl = v, =V, = 0) and
"are tsken from Herzberg.2O All configurations with coefficient greater than 1/3 are indicated.
. ' Y ‘ . . Most Important o os L
Symmetry T, (ev) T, (ﬁc) R, (cN) ee(HCN) Contigurations Coefficients
1+ 1., ‘ | N 5 2,2
XL “A 0.00(0.00) 1.055(1.064) 1.180(1.156) 180(180) 5a'” 6a'” la 0.968L
I\ lAﬂ 6.48(6.48) 1.096(1.14)  1.318(1.297) 127.2(125.0) 5a'> 6a' 1a" Ta' 0.9714
2 tar 6.78 1.102 - 1.287 - 12k.9 5&'2 6a' 1a"° Ta' 0.7024%
5a' 6a'2 13"2 Ta' 0.5123
5a'2 6a'2 1a" 2a" 0.3852
o Lar 7.52 1.076 1.316 1644 5a'® ga' 1a"° 28" 0.8209
522 6a'? 1a" Ta 0.5372
3 tpr 7.85 1.092 1.264 1k1.2 S5a' 6a'° 1a"° Ta' 0.Thh2’
5a'2 6&'2 1la" 2a" 0.4879
‘ 5a'2 6a! la"2 Ta' 0.326k
3 Ipn 8.91 1.0ks 1.229 _ 180 _ 5a' 6a'° 12" 2g" “ 0.9392
5 Lo 9.54 1. "2 g 0.8639.

a'This coefficient becomes 0.

orbitals.

313 1.254 180 5aﬂ2 6a' la

8794 when the wave function is obtained in terms of the 2 lA' natural

See text for a discussion.

-‘[a_

£R61-1d1



Table III. Summary of ab initio predictions for the triplet states of HCN. The format is identical
A ' to that of Table II.

Most Important

.Symmetry T, (ev) re (HC) - Ry (cN) Ge(HCN) Configurations Cogfficients
3 1 . b} | b ‘ » 12 . ‘"2‘ o . | .
1 CA S L. k2 1.082 . 1.294 128.6 5a'" 6a' 1a"“ Ta! 0.9548
13 5.46 1.099 1.365 117.0 56" 6a'® 1a" Ta'  0.96T3
2 3A'- 5.91 .1.063 . -1.320 | 160.0 5a'2 6a?2 1a" 2a" 0.8400
|  sa®6ar 18" Ta'  0.5200
23 6.85 1.061 1.31k 157.%  "5a'F 6a' 1a"™ 28" 0.8285
‘ 5a'2 6a'2 1la" Ta' 0.k4951
3 3 6.98  1.081 1.250 132.6 58! 6a'2 18" Ta' . 0.8794
~ 5a'% 682 12" 22" 0.3689
3 3" 7.4 1.045 1.237 180 Sa' €a'” 1a" 22" 0.9537

-2~
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FIGURE CAPTION
Fig. 1. Original Walsh diagramll for HAB molecules. The labeling of the

orbitals'haS'beén changed to reflect current notation.
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