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TRANSFERABILITY OF INTENSITY PARAMETERS
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The transferaoility of different hinds of intensity pararcters 1s discussed.
In order to transfer dipole moment derivatlives witn respect to internal or
symmetr' coordinates (drd's) among similar wodes in differert molccules they
must be splic up into & mode-specifirc part (the dnd with respect rto rotat:ion-—
free reference coordinates) and a2 molecule-specific part (the rotational
contribution). The calculation of reference coordinates and rotational
contributions 1s discussed The dmd's with respect to reference coordinates can
be e pressed 1n terms of first—-order intensity parareteéers (bep s or eop'si.
Expressions are given for CH3\, propyre, butvne-2 and acetvlene The

transferability of bep's (or'eop's) 1s testea by searching for a common set of
bep's for the follo.ing molecules- C,H,, C,2,, CH,CCh, CD,CCH, CH,CCCH.,
CD.CCCD.. The final results are discis3ed in relafion to fhe basid assumptions
ana the adopted constraints.

BSESVIANEVL I

Already during tne first period of interest in i1nfrared intensicy studies
the need of an 1ncensity parameter theor was felt, leading to the
development of zero-order bond moment theory. This theorv 1s based upon 2 veor.
simple model 1n wnich the —wolecular dipole moment 1s buirlt up from effective
bond rnoments formed by rigid point charges located at the atoms uhich form the
bond. Dipole moment changes occur on stietching by displaccment of the rig:id
charges and on bending by direction change of the bona morents. Lnfortunately
put not quite cne pectedly, this simple roael was not rery successful as clearly
pointec out by several authors. In the well-known paper b, Hornig ana “chean [1]
1t was concluaec trnat intensity results reported in terms of zero-order
parareters (viz. bend mwomentcs, Yy o» and bond worent derivatives with réspect to
bond length, Bkklark) nay not only be 1n error but in some cases D2y De Guile
meaningless, One of the severe difficulries was thar different values for the
paraneters were found from vibrations of different symretry type within the
same molecule. Dickhson, Mills and Crawford [2] arrived at similar conclusiors in
their nice paper on the absolute intensities of CHB—Cl, -Br and -I. Severe
criticism on the results of zero-order theory was also given by Or-ille-Thomas

and co—workers {3].
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The failure of zero-order bond moment theory made it inevitable to study the
merits of first-order descriptions. The 1nitial reluctance in applying first-—
order theory 1s very well understandable viewing the enormous increase 1n the
number of parameters. In all but some small molecules this number 1s much larger
than the numoer of independent experimental data from whicn the parameter values
must be derived. Nevertheless, first—order theories were developed by several
Russian scientists [4]. Their interesting results greatly stimulated new
interest in inte:sity studies, especially facilitated by the English translation
of Gribov's book [4a] in whicn the electro-optical theory 1is outlined in detail.
Later, modifications of Cribov's theory were put forward by Decius
(effective atomic cnarge model) [5], van Straten and Smit (bond charge model)
{6] and Galabov and Orville-Thomas [7].

As rentioned before the number of first-order parameters in most cases
substantially exceeds the number of experimental data. This arises the problem
how to determine uriquely the parameter values. The two main approaches 1in
solving tnis problem are i) the quantummechanical calculation of first—-order
intensity parameters and 11) the tranferab:ility hypothesis of first-order

1ntensity parameters. The latter approach will be discussed in this paper.

FIRST-0PCER INTEWSITY TAZORY
Confining us to electro-oprical [4a] and bond charge [6] paremerer theory

the expressions for the dipole moment derivatives 1n terms of these paramecters

are
- - -

3 3R. = £l (31, /3R Je + 3 3R 1
He/ 3 k[( v /3 J) KE 5 ( ekE/ J)] n
- — —_
3u,. /3R = ZL(3 3R )T + 3 3 2
°“g/ g k[( qk/ J) KE qk( rkE/ RJ)] (2)

wnere :E is the g&~component of the molecular dipole moment (£ = %,y or z), RJ
is an internal coordinate, D) 2# ana q denote the bond moment, the unit vector

and the bond charge of the k-th bond, respectively, while ?L = rLEL, T

being the bond lemngth.

The bond moment hypothesis formulated as
- -
=¥
ot e ™ 3
k

1s usad for eqn.(1), whereas the formulation
- -

N )

underlies egn. (2).
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Eqn. (1) 1s the basic equation of the electro-optical theory [4a] with the
intensity paramaters My and aukIBRJ (eop's), while eqn. (2) 1s the basic
equation of the bond charge parameter theory [6] with the parameters q and
aqk/aRJ (bep's).

Obviously, the electro-optical and bond charge formulation are closely
related as can be easily shown [6p]. The bond momsnt hypothesis can be written
as

-
u

- -
= qurkek . (3)

revealing that

Moo= o (6)
while tne derivatives are related by

-» - “ “ e - -
3uk/.,RJ = (°qk/°RJ)rk * g6y 7

.
where the Kronecher § represents the value of the derivative Srk/JRJ whicn 1s

We
From the point of ‘view of transferability studies the pcp's offer, in

r1dentical to zero unless PJ = r

principle, an advantage over the eop's [6al] 2s 1s ipmearately clear from eans.
(6) and (7). First, the eop's depend on the bond length, T, - Since the
transferability of pond length and bep's may differ, this may (slightly) obscure
the transferability of eop's. Secondly, the transferability properties of q, and
qu/ER may be different, hampering the interpretation of the transierzbility
behaviour of Buk/ERk.

Before discussing the transferability of bep's, however, it 1s wortnwhile
to realize that also the dipole moment derivatives with respect to internal or
syemetry coordinates (dmd's) may be transferable to some extent. In spite of tne
fact that dmd's cescribe the change i1n the molecular dipole moment upon
distortion along a symmetry coordinate (instead of changes in bond moments) the

actual dipole change may be quite local for symmetry modes of funcrional groups

lile —CH3, ~NH,, -OH, -C=CH etc Therafore, 1n the next section some aspects of

the transferability of dmd's will be discussed.

SFZRABILIT. OF LUDI!Z

In the before mentioned paper of Dickson, Mills and Crawford [2] che ewplicat
relations between the dmd's of a CH3\ molecule and tne zero-order intensitey
pardamerers areé given. These interesting evpressions (collectea in Table 1)
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deserve furthexr attention because of two reasoas. First of all, the charm of the
zero-order model 1s immediately clear from the nice simplicity of these
expressions. The six experimental dmd's are expressed in terms of only three
parameters, Viz. Yoo auCH/BrCH and aucx/arcx. Table 2 shows how these
expressions look like within the concepts of first-order bond charge paramster
theory, the number of parameters now being [3. The second 1interesting feature 1is
not immediately apparent from the expressions. Careful reading of the

original paper [2] revezls that these expressions should be applied to dmd
values corrected for the absolute rotational contributions. In other words,

the dod's in the expressions of Table 1 are derivatives w.th respect to a
special set of rotation—free symmetry cocrarinates. Dichson, Mills and Crawford
show 1n their paper that the syrmetry coordinates of a CH3K molecule in which
the hydrogen atoms are replaced by hypotherical i1sotopes of zero-mass can be
used for that purpose. later, van Straten and Smit [8] proposed the use of
hypothetical heavy 1sotopes instead of zero isotopes because of the nore general
applicability of such reference molecules.

Behind the use of retference nolecules possessing the desirea reference
coordinates lies tne fact that the actual atomic displacements aloag the same
sym—etry coordinate in different molecules are in many cases not identical The
reason for tnis results from the zero linear and angular momentun conditions
imposed upon the vibrational motions of a molacule.

Consider the cemplete set of coordinates of motion (Si,aJ), the subset Sl
representing the 3\-6 vibrational coordinates whereas the subset DJ contains the
s1x translations and rotations. Another complete set 1s formed by the 3h
Cartesian displacement coordinates e In matrix form the transformation from

%; to (Sl, pl) 1s given by

&

[-2-1 = 1-E-1x ®
and the Inverse transformation by

= |aia! (32

= lale] {24 (9)
From the orthogonality conditions

“Epqatal = |al By -
=z-1 latef = Jata] f-z-1 = Bqy (10)

we obtain the following conditions in terms of the submatrices:-



Table |, Dipole momant derivatives® of CHJX expressed in zero-order bond

moment paranetersb
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3% cos B (aumlarcﬂ)e
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e
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3U/353 - —(Bucx/arcx) e,
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3;/356,‘ - -6* cos 8 uq, -e"

x = -3 sin 8 cos 8 / sina

ich respect to totation—free symmetry coordinates

b1.‘he expressions given here are completely identical to those given by
Dickson, Mills and Crawford [2].

®For a definition of the symetry coordinates in terms of internal

coordinates see e.g. Ref. 10,

»b

Table 2 Dipole mozent derivatives® of CH. X expressed in bond char
po ge

3

parameters

- - ! _ —-
au/as, = 3*{r, cos8l(3q,,/3r,,) + 2(aq,,/3r, )] - 1, (3q, /3t ) + cosgqle,
2 -
35'/352 = 3301 + %)} !{r”coss-:[(aq‘l/ac|)+z(aq”/au2); - r”cosE[(aq”/BBI)
+ 2(aq”/532)] - xr“(aq“/aul) + :“(aq“/asl) + l'”sinEq“}_e.z
- - -
au/as3 - {3-.-“cosB(3q”/or“) - :“(aq“/ar“) - q“]ez
- 2. .-
3/3Sgeq = 330 + k17 Hr  conslaq, /3a,)+2(2q,,/2a,)] *+ Ty cosexl(aq, /38
+ 2(3q, /38,01 - £,,(3q,,/3a) - "A|(aq4|/35|)7gz
3-1.:/'354x - —2_§ . 3!{1:”31118[(311“131:”) - (Bq“/3r2l)] + stnsq“)g!
w/asg = -27 3!{r,lsin8[(3q,'/3u') - (3q,,f3ay) + 2. 3_!r'lcos§uqllls;

au/ase‘ - —2_! . 3!{1'],51:\3[(3(;"/35') - (aq“/aaz)l + 2tllc°seqll}:x

2gith respect to (4,5) heavy 1sotope reference coordinates

l’See Ref. 10 for definition of the symmetry coordinates
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-6 B = Eg AB + ab = Eqy an

O3x-6,6 54 = Og 3xn-6

BA = E
Ba =

The last relation of eqn. (11) directly shows that the form of the symmetry
coordinate displacements (as given by the colummns of the A matrix) depends on
the 8 matrix The 8 matrix represents the six approximate 'linear and angular

momentum'' coordinates or Eckart coordinates which haie the following form:

L}

=
1
g

o‘(Tx)

= ot
°2(Ty) M ;m y

171
1
p3(T_) =M Im z,
* (12)
I - -
DA(RX) - Ier“L( Z071 Y Yie L)
- 1! -
“S(R}) Iyegml(zlexl *10% )
R
D6(Rz) - Iz tmx( Yie¥ ¥ 11ey1)
where M denotes the molecular mass, m_the mass of atom 1, I__, I and 1
1 xe ye ze

the priccipal moments of inertia belonging to the equilibrium configuration,
X0 Yia and Zie the components of the equilibrium position vector of atom 1
with respect to the center of gravity, and X, ¥; and z, are the Cartesian
displacement coordinates of atom 1.

In matrix form eqmn. (12) becomes
P = Bx (13)

which 1s already ipncluded in eqn. (8).

The effect of the last condition of eqn. (11) is that small amounts of
translation and/or rotation are mixed into the vibrational displacements as
given by the columms of tne A matrix.Inspection of egn, (12) reveals that the
transiacion and rotation coordinates strongly depend on the masses and
equilibrium gesometry of the molecule under consideration. From the point of view
of intensity studies the interesting point is tne possibility that small amounts
of rotation may be built into a given vibrutional mode since in case of
molecules with a non-zero permanent moment the mixed-in rotational motion may
contribute to the dipole moment change. Such contributions only occur for

modes whicn transform aczcording to the same symmetry type as one of the
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rotations. Clearly, the rotational contribution to a certain dmd is molecule
depcndent and differs even among isotopically related molecules. Therefore, 1in
order to study the transferability properties of dmd's the experimental dmd
values have to be split i1nto two parts, a molecule-specific part and a mode-
specific part. This can be achieved by the use of rotation—-free reference

coordinates which bring about the necessary changes in bond lengths and

interbond angles without inclusion of rotational motion. Such pure geometrical
distortions. denoted by S are found in heawvv isstope reference molecules 1in
distortions, dencted by S |, are found in heavy isctope reference molecules in

which properly placed heavy 1sotopes prevent rotational motion to be mixed—1in.
The A matrix of such a molecule. denoted as A , contains the form of the
reference coordinates. Several methods to obtain reference coordinate
displacements, including the heavy isotope method were outlined and discussed by
Bode, van Straten and Smit [9], each method having 1ts own merits [9cl]. However,
apong them, the heavy for zero) isotcpe method forrs an easy and elegant way to
calculate these quantities.

In order to split the dmd's of actual rolecules in their mode-specific and
molecule-specific parts one proceeds as follows After the proper Ag matriv nas
been obtained the absolute rotational contributions are straight forwardl,

calculated from the matris equation [9al

where the elemerts of the matrix V are the rectational contriputions ard the
matrix Pp contains the components of the molecular dipole moment [9a]. The last
step 1s to subtract the rorational contributions from the observed dmd's

yl1elding the desired mode-specific derivatives. In matriv formalism
P, =P -V (15)

where the polar tensor Py contaims the observed dmd's. The mode-specific
derivatives contained in Pg, are the appropriate quantities for the comparison
of similar dmd's in different molecules. foreover, these gquantities can be
easily expressed in terms of first-order intensity parameters (see Tables 1-5).
These expressions are extremely useful in deciding which first-order paramzters
have to be taken 1nto account in the refinement procedure as will be discussed
1n the next section.

Three short examples may further clarify the use of reference coordinates.
First, consider the methylgroups in methylbromide and propyne. In order to study
the transferability of the dmd's describing the methylmodes in both molecules

(see Tables 2 and 3) [10,11] we must use reference coordinates for the E-type
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modes. These are easily provided by properlyv chosen heavy 1sotope riolecules

viz. heavy C and Br atomu 1n Cd3Br ard heavy C4 and C. atoms in propyne (see

5
Fig. 1). Obviously, however, every choice of two heavy isotopes along the

threefold avis 1in propyvne 1s formally cerrect Secondly, consider the two
expressions given for 5?/359‘ in Table 3. As indicated 1in the Table 3;/3591(4,5)

mears that the 391 refercnce coordinate 1s taken from the propyne molecule with

-
heavy atoms on tne C4 and C5 positions, whereas aulasgx (5,6) belongs to the
reference molecule with heavy €5 and C, atous. As can pe easil™ verified Irom

~6
the Table

- _ e _ . _ —
du/38g (4,5) - /355 _(5,6) = (3eosBr ,q,| = ¥;5q,, 7 Tgydgy *+ Igidgyle,  (16)

The expression for tne dipole moment of propyne in terms of bond charges reads

-
u = (3cosir,.q - r

g -
pro 119 429 T Te196108; an

N

T T5;9s;

i~
;8]

suowing that tne maenitude ol tie R.b.S. of eqn. (16) equals the magnitude of

the permanent moment of propyne. fFrom eans. (153}, (lo) and (17) we obtain

[vgx(s,s) - Vg, (4,3)] = | (18)

!
"oro
Eqn. (18) 1s exactly confirmed by the calculated vzlues for the rotational

contributions based on the indicated reference molecules:

V. (5,6) = -0.42883 DR~ Vg (4,5) = 0.32117 pg~}

This restlt 1s easily understandable 1f one realizes that combining these two
forms of Sgy, viz. ng(b,s) and ng(S,é), in the sense of eqn. (16) just results
in a rotation of the whole molecule leading to a dipole moment change with the

magnltude of upro'

As a third exawple consider 3;/38 of acetylene (see Table 4) and BH/BS

Ix 9x
of propyne. Proper comparison of these derivatives requires the use of a (4,5)
reference molecule for propyne, while in comparing aﬁ/asl,x of butyne-2 (see
Table 3) and aﬁ/asgx of propyne a (5,6) reference coordinate should be used. In

order to avoid confusion it should be remarked that comparison of 3.1/36 and

Ix
3_1:/359v 1s meniioned here just for the sake of 1llustrating the use of reference
nolecules; in practice, comparison of 33/387t (or a?/ae,x) of acetvlene and
aﬁ/a:lo‘ of propyne 1s more useful, 1n which case eitner the (4.5) or the (5,6)

reference coordinates may be used.
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Table 3}, Syemaccy ccordinares® and dipole ooment derivatives of propyne

expresged in bond charge paraacers.

~¢s .
A s - 3 (u!‘l - A'21 - ht:ﬁ

- [301 + :2)1‘53{‘(a=l v 23, e 3ay) - (a8 + 25, + 23}

I

3
S3 - Araz

S - Ars‘
Sy 8rg,

s - (301 + :2)]'92((:a‘ s Lagy + Aeg) v e(ag, & 28, » 480}

E S, 6_§(2Ar“ -dry, - dr3})
Six ™ 6-!R(ZAG‘ - 83, = 2ay)
Sg. = 6 'ma2as - 23, - 23
Sox * Rawlx
Sion = Koy,

a?/asl - 3l{!l}°035[(3q1}/atlx) - 2(aqll/3rz[)] - '42(;qaz/3r1|)

- rs,(iqs,larl,) + g, (3gg,f3r,) ¢+ cosfq,le,

3:7352 3[3(L » :2)]‘5{r‘lc055:[(3q‘,Iaal) + 2(3q'|13u2)] - T,,c088
’ [€qy,/38,) + 203q /38,01 - "Tyo €30, ,03aq) ¢ T45(30,,/38))
- :rsl(aqS]lau‘) > rSl(aqsllasl) * ‘r61<3qﬁll3°t) - tﬁl(aqﬁllssl)
+ £, aingq,, 1,
WS, = {3r,co88(3q,,/3r,5) = T,5€29,,/30,5) = qyy
- 15, (g fon) v xg, (3ag, 137008,
33’/355 - (3rl‘cosstaqlllar5l) - 252(3962’3’51) - rsl(aqsllatSl) - qg,
+ rél(aqexlarSl)ng
3:7355 - (3rl|ccsa(3qlllat61) - 'Az(aqbz/a’el) - '51‘3q51’3'61)
o rgyliag,/3mgy) * 4,18,
Wias,,, =330 - =2)2'5{r,‘coss((aq“/aa‘) + 2(3qy,/3a,)]
+ r,lcousxt(aqll/ae,) »> 2(3ql‘1332)- rsz(iq‘zlaul)
- ‘razcaq‘zlas,) - tSI(EQSI/BGI) - :rs‘(EQSIIES‘)

- rél(aqsl/acl) - :rel(aqﬁllasl)}:;

alrasg, = -2} L 3dir) sinaleagy ey ) - Gy fany ] sinsg, IS,
siras, = -t 3h(r) einsltagy /3a)) = (3q;/3a )] « 2.3‘*rllcos1=qll12;
3Tras,, = -1 L al(e, sinsl(3q,,38,) - (2q,,/38,)1 + 2r, con8q,, 1S,

3738 (4,5) = t=7y winal (3, /30, ) = €3y, /30 )] = rg a5 * T %1%,
301385 (5,6 @ {or| sia3l(3q,, 130, ) = (3g,, /20, )] = dcossr; qy, * Fupq,,10,

- -
CRTEL PP ("ll"°5(‘3q|1’°521) - (°q21/3°2x)] - ’sl‘sn":

%5ee Figure | for definition of the internal cocrdinates,

Suieh respect to (4,%) and Jor (5,6) reference ccordinates,
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Table &. Dipole =cmest derivatives® of .l:e:ylene'expr'eued in boad :i-.arge

parseters.

h . -
sy = 2Her Gagylamg ) = r5, 005,036+ £gy(3ag,/37g)) ¥ 26 1E,
- i -

Wrasg, = 2hrg a6,
W, = 2isns,
o -! -
au/aa,x -2 au/ash

*with respact to symetry snd internal coordinates

Table 5. Dipols moment derivetivasd of butyne-2 expressed in bond

charge pargaetera

33795 = 6dir jcos8lag, 790 + 2(3a,, /37, 3] - r ,(3a, 505, )
-rsz(aqszlzr”) + rez(aqﬁzlﬁt”)
-r“cosﬁ[(iqnlarn) + Z(Eqnla-ru)] - colsq”)'e.:
alras, = 2 L 3030 + D1 Hir, jcostelaq, f30)) + 2039, 720))
- r”cosB[(aq”IBSI) + 2(3q,,/38,}) - xr,,(3q;,/3a,))
-+ riz(aqulasl) - xtsz(aqszlacl) * rsz(aqszlaal)
g nﬁz(aqézla:‘) - rsz(aqézlas!) - zncoquIGq”Iac')
* 2(39,,/2a,)] + T5,c0881(3q,,/38,)) + 2(3q5,/38,)1 + ©,, singq, )]
aras, = 2§‘3?|x°°‘5“411'°"z) = 1y (/i) = qy, - Tealag,/ar,,)
+ Tgal3agylit ) - 327lco=5(3q7llar‘2)]:;
Whasy 4y = 2} . 30301 » DI Hir coasl(3q,,/3a)) + 2(3q,,/30,))
-+ :t“cesB{(Bq”N!,) + 2(=q”hﬁ2)l = raal3a,,/%))
- Qr‘z(_aqkzlas‘) - rsz(aqszlaal) - ‘rsztaqsz/aa,)
+ Tgal395,/2a)) » xrg,(39,/38)) = 1y conslllq,, /3a))
* 2039, £2a,) = wr; c0udl(3q,,/38 ) + 2(3q,,/38,)1)F,

-

-n/sh - -3§{r”-ins{(aqnlat”) - (sq.”l;:n)}
- ,nginé((aq.nlarn) - (éqnzarnn + sinsq, 1S,
alras g, = -3r eine[(3q, /20,) = (3q),/30p)]
- r”lins[{?q”iaal) - (aq"/:nz)] - 2. 3“ r“cos!aq“\:x
135y, » -3Vir 5in8l03q,,/08)) - (g, /22,1
+ vy 8in8l(3q,, /28,) = 32,,/38,0] + 2r"ccsaq”:?!
38738, = 2dier, ainsl3g;y /%0, ) = €9a,,/%9, 01 = 3F) contay, * Tia8es

- vy eia3l (g, /%0 ) - (nge‘lsgu)])?"

Sse Ref. 15 for dglini:!eo of the symmetry coordinates,
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Figare 1. Defimizior of interaal coordinates (a-d), Cartesian nis s,;sten 204

unit vectors (e), bond moment directions (£f-1) and dipole moment direcrion (!).
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ressed 1n all

w
=
n
M

Eqns. (1) and (2) show that, 1n principle, each 5Su/3 xp
q, (or uk) and all akuQRJ (or auklaRJ) For a non-cyclic, N atomic molecule
h rurs from 1 to N—-1, so the number of bep's for one dmd 1s 2N\-2. Further, 1t
1s wmportant to note that the qk occur in each dmd, whereas the Eak/ERJ only
occur 1n auISRJ. Therefore, the total number of bep's in the dmd e pressions

of a molecule amounts to
(3N=-6){(N—-1) + N-1 = (3N-5)(N-1) (19)

In general, this rumber 1s considerably larger than the number of dmd values

from which the parameters must be determinad. Consider, for instance, a moderate
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si1ze molecule like propyne (N=7). The number of bep's, according to eqn. (19),
amounts up to 96 However, taking full advantage of the C3v symmetry of this
molecule, this number reduces to 35. The number of data from which these
parameters must be determined amounts to 12, namely 10 intensity data (5 non-

degenerate A -type modes and 5 doubly-degenzrate E-type modes), au/asRed (only

1f SRe has tne same symmetry as one of the infrared active modes) and u

Solvin: for all 35 parameters would only be possible by quantum—mechanlczio
calculations. The feasibility of such calculations i1s beyond the scope of this
paper ana will not be discussed here. As mentioned before, a second approach,
on which we focuss 1n this paper, 1s based upon the transferability hypothesis
of first-order intensity parameters. In this approach we assume that the qL's
are transferable to similar bonds (here similarity includes to some extent the
nature of the adjacent bonds). The same holds for the charge-flux parameters,
qulaRj. The assumotion of transferability of the charge-flux bcp's necessarily
means that they are assumed to have a local character, rmplying that zero
values are assigned to bond charge derivatives with respect to remote
coordinates. If only the bend charge derivatives with respect to their own bond
length and with respect to adjacent bond lengths and interbond angles are taken
into account, tha number of bep's for propyne reduces to 21. Even this reduced
parameter number largely exceeds the number of availaple data for propyne.
Therefore successful determination of the parameter values requires the
simultaneous use of 1ntersity data for a2 number of closely related molecules.
In this paper we consider the following molecules-* CH3CECH, CD3CECH, HC=CH,
JC=Ch, CH3CECCH3 and CD3CECCW-. By use of a non—-linear least—squares fitring
procedure we will try to find a common set bep's for these molecules. The
procedure starts from the well-known relation between the absolute intensities
A1 and the dipole momant derivatives with respect to normal coordinates, sflan,
wnrch reads

Nongi v

L - 2
-\l = —5 o (3U/3Q1) (20)
3c i

where \o is Avogadro's numbar, g; s the degree of degeneracy, ¢ 1is the velocity
of light, v, and u; are the observed and harmonic frequencies. The a?/aql's can
be wrictten 1n rerms of 1internal coordinates and subsequently expressed i1n terms
of bep's according to ega. (2) The gensral form of tne expressions can be given

in matrix notation by

au/BQl = cqu 21)

where the entries of the column matrix Pq are the bep's taken into account 1in
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the refinement procedure and e, 1s a vow matrix containing the coefficients of
the bcp's. In determining the common bep values we not only use the absolute
intensities of the nolecules considered, but also the non-zero equilibrium dipwvle

-
moments ana the 351./3S quantities (derivatives with respect to redundant

Rad
symmetry coordinates, see Tables 3-5) which belong to the same >ymmetry species

as the infrared active modes. Both dipole moments ana E?ISSRed quantities can
be expressed 1in terms of bep's according to eqn. (21) and thus can be ctreated
as pseudo 33/3Q guantities. It should be noted that prop}ne—do and prop)ne-d3
each provide 10 intensity values giving 20 BU/EQL expresslons but provide

- _ -
together only 2 pseudo 31_/F3Ql expressions, viz. one for upro and one for

BﬁIDSRed Tne series of molecules considerad in this work provides 41}

experimental data (C,H, and C,D, [12,13]. .'.al, CH,C=CH and CD3CECH [t1,14]
— - - e = -

2 = = 3 2 o ag .

_OAl, upro ard QU/BSRed' CH3C_CCH3 and CDBC_CCD3 [13] 143 ana :u/.bREdz)

In order to obtain the relations between the absoiute 1intensities (including

pseudo-1ntensities) and the bep's we proceed as follows

-, 2=.:. ~
(au/dQl) uquPqu (22)

Let us define the column matris
A = DP (233

wnere the entries of 2 are the ewperimental datz %l (1ntensities and oseudo-

1ntens:ities) and D 15 a diagonal matrix containing the coefficirents

N Tmg J
o “1i
b, =—= o
3ec” L
In the case of pseudo—intensities glél/d1 = 1. P 1s a column ma2tri> contalulng

the quancities

P =c PP c
1 1 qq 1

.

A somewnat different formulatior of these relations 1s given 1n Rei. 16
The refinement procedure starts with an 1nitial set bep values chosen sithin
the range of physicallyv acceptable values. Arbictrary chosen values lead vers
often to unacceptable results as reported already by Saeki and Tanabe [17,181].
As will be discussed later, however, even acceptable sets may result in
unacceptable solutions. From the i1nitial set a first set of 1ntensities 1s

calculated, A{cale 1), giving the first diffarence matrix

AA(1) = A(e~p) - A(eale 1) (2%)
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On differentiating the relatiors contained in eqn (23) one obtains a firse—

order expression for AAl in terms of AP _.

q
A= zni'Equ'Elan = K 8P (25)
wnere
AAi = EJaAiJ (26)

The quantities aAiJ of eqn. (26) deunote the change 1in Al upon 2 unit change 1n
boad charge parameter qu- The 1index 1 runs from 1 to m, m being the total
number of experimental data. The index ] runs from | to n, n being the total
nurber of bep's that have to be refined. The elements of the column matrix APq
are the changes in the ben's, vaiz. 3P (3 = l,n).

Q3
The row matraix

=D ePo 2
K1 _chqucl (27)
contains n elements KLJ (3 = t,n). Collecting the LAL 1n the column matrix &A
gives
Ap = KAPq (28)

leading tc the least-squares egquation

" R (29)

aP_ = (FWKY
q

whera W 1s a square diagonal matrix containing tne statistical weignts assigned

to tue experimental data TInserting 2A(1) of eqn. (24) 1into egn. {(29) gives a

first set of corrections to the bep's, viz. APq(l). These corrections are added

to Pq, leading to AA(2) and 5Pq(2). The procedure stops when

[S(k+1) - S(k)1/S(.) becomes smaller than a preset value. S(k) denotes the
least-squares sum of the k-th 1teration step, the sum being defined by

s =

ee 32
!(“Al) w

i (30)

I MB

Due to dependencies among the relations of eqn. (23) the matrix KK (or Kwh) may
be singular or near-singular, a well knoun problem in refinement procedures.
Such singularities must be properly removed. For that purpose we have adopted
the procedure described in Ref. 19. Other procedures are possible and have been

used [20]. The chance that singularities occur strongly depends on the number
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of parameters that have to be refined in relation to the number of experimental
data. Generally spoken, the number of parameters must be considerably smaller
than the number of experimental data. However, in judging that situation, one
should keep 1n mind that a) the experimental data very ofren are only a function
of a linmited number of parameters (see Tables 1-5) and b) some parameters always
occur 1in fixed combinations with otner -narameters; in such cases tne
complnations must sometlmes be treated as a single parameter.

In the case of acetylene, propyne and butyne-2 the situation 1s os follows
The number of local bep's in propyne 1is 21, in acetylene 3, while the infrared
active dmd's of butyme-2 contain 14 parameters. All butyne—-2 and acetylene bcp's
occur in propyne so that the total number of parameters equals 2Zl. In order to
start the refinement procedure we need an tnitilal set parameter values. However,
before discussing the evaluation of a starting set, a very 1@mportant observation
has to be made.

In principle, the relations of Tables 3, 4 and 5 allow the determination of
almost all local bep's. From 34/3S,, 3:/656\(pr0) and 30/3S

1 6
can be obtained for a Sqll/3rll, E,q”/"dr:,,l and Eq,alarll Simrplarly, values

-
. c,/~59x(bq) values

for q,, 5q11/331, SQEI/BGZ’ Boszlaal, BqllIESl, Sq“/BB2 and thzlail can be
derived From 3L/3S., 3./3S 3p/3S ar/38._ (pro) and 3./3S., 3./3S
FRl5555 Gr [t 2 38 =335 I-l"3pagn

Red’
e /3391(4,5),

ey - _ - - 3
ou/oSle, aulasllx(bu). The bond charges q,, and q | follow from

- -
- " o R T -
ou/aslox(pro) and eulassx(age) In principle, €1 95 and 9, being determined,

N
-
a value for qyq follows from the expression for :prc' wnereas ?3/159\(5,6)(pro)
and a?/aslv‘(bu) serve as a checlt. Furcther, from leass(pro) and 5:/553(ace) we

obtain values for 3q, /3r and 3a.,/3r,,. The remaining dmd's are 23../3S.(pro)
61 51 61 3

61
- N - - N -

and 3u/c58(bu), containlng aquldrAZ, Bq]1/0r42,5q5|/cr42 and cqszlargz.
Aaditional relations are necessary to solve for all these parameters. Firally

n_) ~ -~ - o b - -
we have cu/aS&(pro) with cc5|/dr 3q&2/3r51 and aq61/3r_ Here we need two

517 51

constraints to solve for the parameters.

In practicz, cthe solving procedure described above fails combpletely. The
values obtained are physically unacceptable 1n most cases and the results for
the same pareameter obtained from different sets of equations are 1nconslstent.
For instance, the 9, values independently obtained from the methyl stretching
dmd's, tne ¢ bending dmd's and the B bending dmd's are very different, nacely
2.8, —-35.8 and -22.4% Dg-l respectively. The spread in these values indicates
that the systematic and/or random errors in the dmd values are too large to find
acceptable and consistent solutions. Close inspection of the 3n/3s esprcssions
reveals that the differences in the r2lations containing the same non—-zero bep's
(e.g. Bflssl(pro) and 33/356(bu)) result from the small differences 1n the
values of the geometrical parameters. Therefore these relations can only be
successfully applied to solve for the bep's 1f the errors in the domd's are of

the same order as the uncertainties 1n the geometry data of the molecules. In
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practice, we are far from that accuracy and 1t 1s highly unlikely that as far as
random errors are considered the situation will improve to that level within the
next twenty years. Moreover, systematic errors may play an important role.
First, 1n several cases Fermi resonance corrections have to be applied to the
measurad intensitles. Some of these corrections may be 1n error since the
Lrntrinsic anharmonic intensity of the overtones or combilnation bands involved 1i1s
not always taken into accounc. Secondly, the tranferapility hypothesis (zero
valuss for the bond charge derivatives with respect to remote cocrdinates) might
not be valid for some mclecules. Especially in the case of symmetric molecules
like acetylene and butyne-2, the in-phase stretcning and bending modes of the
terminal groups (=C-H, EC—CH3) may lezd to non-zero values for non-local bep's
("long-range" bcp's). Tle large differences 1n the values for leasl(pro) and
a?/ass(bu) and also aﬁlésgx(i,ﬁ)(pro) and 33/3Sl2x(bu) point to that direccion
(see Table 6). The situation 1s not clear-cut, however, viewing the good
correspondence between Eﬁ/aslox(pro) and a:/assx(ace). Thirdly, errors in the

L matrix elements may influence the obtained results.

TABLE &
Pmd values for propyne, butyne—-2 and acetylene. Units DR_I.
Prop}nea’b Butyn&—Zc Acetylened
A 0.618 ALt 0.83 i
1 - 2 u
G.08% a.09
-0.052 -0.11
-1.228
0.871 0.894
E 0.381 C' 0.4%4 n
-0.424 -0.39 -
0.249 0.17
1.557 1.37
1.074 1.052

of’

-type dmd's with respa2ct to a (5,6) reference coordinate.

Ref. 11.

Ref. 15; dmd values diviied by V2 to allow direct comparison with propyne.
Average values taken from Refs. 12 and 13; average dmd values divided by V2.

o

N

Therefore, physically meaningful solutions may not pe expected from a least—
squares refinement procedure based on experimental iutensity data regardless the
physical quality of the initial set. This is clearly shown by the results given
1in Table 7. The independeat bep's for the molecules considered in this work are
shown in the first column. The last three bep's are combinations as indicated in
the footnote to Table 7. The initial set I was obtained from propyne, butyne and

acetylene, using tne following constraints:



3qy,/3r,,
dqy /3,
3q]]/352
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11

0.2 3qll/3r|l

2.5 Ealllaul (3
06 Bq,I/BSI

a.5 9,

Tne first constrairt 1s ctahen from the paper of Jona, Gusseni and Zerbyr [21] in

wnich a quite similar calculation is reported The second and third one are

taten from our work on CH,Br [10] and the last one from ab init1o results on

3
propyne reported by lewton ard Linsconb [22] and used alreadv in our earlier
Init1al set II 1s obcrained by using the saze

work on propyne [11,23].

constraints on 3q]1/3r7]’ aq”/Tm.,7 and Bqllléeq and adopting the values for the

[211]

initi1al sets are almost 1dentical as can be seen from tne Table.

bond charges as reported by Jona et al The final sets optaineca from the

TABLE 7
Two almost identical final sets of cormon bep's for acetrvlene, propyne and

- a
butyne-2 obrarined from two different initial sets

bep tnitial set final set
I it I 11
a; 0 797 0 474 -0.654 -0.648
Q0 0.501 0.694 1.518 1.513
as) 0 224 0.206 0.275 0.275
98] 0.987 1.002 0 991 0 991
3ay /3ry, -1.308 -0.943 -6.235 -6.234%
3q) /31, -0 262 -0.189 ~-6.505 -6 300
3q,9/51) ] 0.010 -0.04 5.003 4.997
3q; /3, -0.073 -0.006 0.982 0 970
3qy /32, 0.153 0.016 0.194 0.186
9q,,/5a 0.180 0.135 -0.621 -0.612
3qy1/28, 0.271 0.119 -0.281 -0.256
3qy /384 -0.163 -0 071 0.366 0.387
3q,+/38) -0.228 -0.130 0.124 0.105
3q;2/31,2P -0.218 -0.418 -0.991 -0.989
3qg,/3rg;® 0.832 0.847 0.799 0.800
3qg/3rg,b -0.109 -0.124 -0.098 -0.098

a - = s -

See text for choice of initial sets; the calculation of the final sers was
bbased on the experimental dara of Refs. 11, 12, 13 and 15.

The last three becp's denote the following combinations:

§q42l3r42 f (3q42/§r42)-3(rl}/r42)coss(3q|1/3r42)+(r5‘/f42)(3q51/3r43)
3g5/3rg, : (3q51/3r5))+(r49/r5,)(3q,49/3r5))-(rg,/r5,) (Cqg)/3r5))

3qg1/3rgy = (Bagy/drg))-(r51/rg)) (3q5)/3rg ).
Quite similar final sets were obtained by varying 9, and q,, over a nurmber of
intermediate values indicating that all these initial sets are refined to the

same uanique solution pertaining to the experimental data used. Both the
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intensity data and ths dnd values are rather well predicted by this common
parameter set (see Table 9). Obviously, however, the final parameter values are
unacceptable (with a few exceptions) from a physical point of view. As expecrted,
the final values are in line with the results obtained by solving directly the
dmd expressions. An interesting, feature of the solution obtained is that both
the intensities and dmd's are satisfactorily predicted. This confirms that
1ndeed the correct dmd sets have been selected for propyme [I11,14] and butyne-2
[15] anc indicates that use of the transferabirlity properties of dmd's may be
very helpful 1n the detormination of sign and magnitude of dmd quantities.

It 1s clear, however, that the simultaneous refinement of all independent
bep's will not lead to physically acceptable solutions. The question arises
how such a solutiocn can be obtained. In fact, the 1nitial sets of Table 7 are
examples of acceptable solutions. The quality of these sets depends on the
quality of zhe intensity data used iIn this work and on the physical reality of
the constraints used. Tne adopted constraint on q;, and q,, 1S of major
importance since the 9 terms represent the larger part of most intensities. It
1s therefore of the utmost importance to find physical arguments to select
values for ., and Qo- The experimental intens:ity data for acetylene (83/555?)
and propymne (Eilasgx(a,ﬁ) and aﬁ/aleK) satisfactorily fix the values for Gg
and q6!’ but, as shown bvefore, reliable values for qp and q,, can not be
obtained from the avzilable intensity data. Although the ab initio results of
T'rpro’ 9
not guarantee that also the predictions for 1}, and q,q are of the same quality.

Newton and Lipscomb [22] very well predict and a5, [11,23] this does
The other constraintz on G;; @na q,., taken from Jona et al. [21], was not
provided with physical arguments in that paper. However, recently Gussoni, Jona
and Zerbi [24] presented some correlations between the C-H bond charge and other
physical parameters, like bond length [24b] and force constants. These
correlations are in favour of the q,, value as given by Jona et al. [21]. Such
correlations provide at least some of a pbysical basis for the 9 values of
1nitial set II. Since other evidence for the selection of 9 values 1s not
available, we have performed some additional calculations with the initial

sets I and ITI of Table 7. In these calculations the 9, values were fixed on
their initial values. Also aqazla:ll
the first three charge flux parameters from taking unlikely large values (see

was kept on 1ts initial value to prevent

Table 7). The remaining charge flun paramerers ware fitted to two sets of
experimectal data as indicated in Table 8. So by using the two different
starting sets wWe end up with tne four final sets shown in Table 8. Inspection
of that Table leads to the following conclusions: (1) changing the propyne
intensities of Bode et al. [11] by those of Kondo and Koga [14] has a

considerable influence on a number of charge flux parameters.
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TABLE 8

fee a -
Four different sets® of common bep's for acetylene, propyne and butyne-2.

bep Ia Ib Ila 1ib
q,l(n.r.)b Q 797 0.797 0.474 0.474
qzo(n.r.) 0.401 0.401 0.694 0.694
qgy(n.rt.) 0.224 G.224% Q.206 0.206
qél(n.t.) 0.987 0.987 1.002 1.002
3qy/3ry, -1.294 -1.30t1 -0.932 -0 936
3qy1/arag -0.245 -0.248 -0.174 -0.175
3q42/3r) 1 (n.r ) 0.010 0.010 -0.049 -0.049
3qy1/3q, -0.089 -0.142 0.258 0.379
3qyj/3a, 0.148 0.069 0.207 0 315
3q,2/3a] 0.201 g.256 -0.038 -0.128
3qp,/38, -0 04 -0.049 0 124 0.250
3qy /38, -0.413 -0.4%40 -0.047 0.082
3q/0/38] -0.020 0.006 -0 143 -0.246
3q42/3r4gc -0.221 -0.220 -0.428 -0.5%28
8q51/3r5,;¢ 0 871 0.854 0.858 0.851
Equ/BrGlC -0 103 -0 099 -0 109 -0.108
®Fynal sets Ia and IIa based upon the experimental data of Refs 11, 12, 13 and

15, sets Ib ana IIb based on data of Refs. 12, 13, 14 and 15. Start set I of
Table 7 was used for the calculation of Ia and Ib, start set 1T of Table 7 was
bused for I1a and IIb
on-r- = not refined.

The last three bep's are the combination parameters given 1n Table 7.

Since the intensities of Refs. 1l and 14 are 1n good mutual correspondence with
the exception of v, 1t must be concluded that the charge flux bep's are very
sensitive to small changes in intensity data. Moreover, magnitude and direction
of this sensitivity depends on the choice of q, values. (11) As expectea, the
chorce of a; values strongly i1nfluences the values of tne charge flux
paraneters The only parameters which are Jdetermined quite well from tne
experimental data are 510 9470 3q51/3r5l and 3q61/ar6|. The otner charge flux
parameters strongly depend on the chosen values for a5, and Gyn-

In Table 9 the preaicted intensities with the common parameter sers of
Tables 7 and 8 are shown. It 1s clear that by far the best prediction results
from the (almost i1dentical) common sets of Table 7. The other sets are not \ery
different althougn sets Ia and Ib are slightly better than tne other two.

In general i1t can be concluded that a2 good fit of the observed i1ntensities
can be obtained by a simultaneous refinement of all independent bep's (sets I
and ITI of Table 7) The physical meaning of such a set will, 1n general, be
very limited. Howasver, such sets may be useful 1n predicting the correct sign
combinations of the dmd’'s of related molecules. It 1s verv difficult to find
common sets with i1mproved phys:ical meaning, at one hand because of tne lack of

arguments to select physically acceptable regions for the parameter values, at
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the other hand because of the fact that the uncertainties in the intersity data
may cause large deviations from the starting sets, regardless theirr physical
quality.

In our op:inion Lt 1s impossible, therefore, to present a definite comnon set
of bcp values for the molecules considered 1in this work. bLnforturately, this
statement seems to have a quite generzl validity. The nature of the relation-
ships as given 1n Tables 3-5 does not allow a satisfactorily accurate
determination of first order intensity narameters (bep's or eon's) as discussed
before. Nevertheless, such sets have been oresented, receatly also for the
molecules considered nere [21,25].

For comparison the common parameter values given by Jona et al. [21] and
Gribov and Novoselova [25] are collected in Table 10 together with tuo final
sets taker from the present work, namely set I, being the average of sets Ia and

Ib of Table 8, and set II, being the average of sets IIa and Ilb of Table 8.

TABLE 10

Comparison of four sets common bep's for acatylene, propyne and butyne-2

bep This work Jona et al.€ Gripov et al.d
1 11°

qy) 0.797 0 474 0.574 0 25

qs2 0.40! 0 694 0.695 0.30

q51 0.224 0 206 0.206 ~0.74

dg 1 0.987 1.002 1.002 0.94
3q)4/3r), -1.297 -0.934% -1.027 0.52
3qy/3r, -0.246 ~0.174 -0.255 0.26
5q42/30), 0.010 -0.049 -0.v10 -

3qy1/3a, -0.115 0 268 -0.008 -0.22
3(“]/3(12 0.108 0.261 0.015 -0.51
3qyo/3a 0.229 -0.083 0.1t -

3qy1/933, -0 031 0.187 0.078 -0.26
3qp1/3€Es -0.430 0 017 -0.03 -0 25

da, /33, -0.007 -0.195 -0.11%4¢ - :
3q42/31,, -0 220 -0.+428 -0.361 0 1+ (-0.1%
3q5;/3rg, 0.862 0 855 C.745 0 45
3q61/3r61 -0.101 -0.109 -0.10% -0 05
aAverage of sets ILa and Ib of Table §

Average of sets ITa and IIb of Table 8.
CRef. 21.

Ref. 25

Jona et al. have used the constraint 3q,,/5a; = —3q$2/361 (private

_communication).
For this parameter two values are given in Ref. 25, viz. 0.l4(pro) and
-0.14(bu).
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It is almost of no use to comment in any detail on the differences in
parameter values, at one hand because of the fact that the necessary details of
the calculation procedures and adopted constraints are missing in Refs. 21 and
25, at the other hand because of the fact that the parameter values are based
on different experimental data and force field. Anyhow, the large differences
confirm the zonclusion of this paper that definite sets with a clear physical
significance can not be obtained from experimentz2l intensity data. It as
therefore of the utmost importance to state clearly wnich additional arguments

have been used to determine the final values of a common parameter set.
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