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Integrated infrared intensities and atomic polar tensors in 
fluoroform 

Kwan Kim and W. T. King 
Metcalf Research Laboratory. Brown University. Providence. Rhode Island 02912 
(Received 25 July 1980; accepted 22 August 1980) 

The integrated intensities of the fundamental modes in HCF, and DCF3 have been measured by 
Wilson-Wells-Penner-Weber method, and the atomic polar tensors were derived. The effective atomic 
charge for fluorine was found to be XF!e = 0.598±0.018, in good agreement with that in other 
fluorocarbons. The effective atomic charge for hydrogen was found to be X H! e = 0.049 ± 0.006, a value 
somewhat lower than that found in other hydrocarbons and their derivatives. 

INTRODUCTION 

The analysis of integrated infrared intensities in terms 
of atomic polar tensors1

,2 and effective atomic charges3 

has revealed a hitherto unnoticed order in the structural 
parameters that control Vibrational transition moments. 
The atomic polar tensor for atom 17 in a molecule is de
fined as the conjugate (transposed) gradient of the mo
lecular dipole moment vector, P, written in various 
notations as1 

[
apx/ax~ apx/ay~ apx/az~] 

P.i-=v! P'3C apy/ax~ aPy/ay~ apy/az~ 

apz/ax~ apz/aY~ apz/az~ 

(1) 

and the square of the effective atomic charge is defined 
as one-third of the sum of squares of the polar tensor 
components4

; that is, 

x~=(1/3)v! P:V~P . (2) 

The analysis of the integrated intensities of a variety of 
hydrocarbons, fluorocarbons, and other materials with 
diverse structures revealed that the effective charges 
for the hydrogen and fluorine atoms in these systems 
fell within the fairly narrow range of values3

•
5 XH/e 

=0. 088± O. 015 and XF/e 0=0. 57± O. 05, respectively. 
Furthermore, the components of their polar tensors 
were sufficiently insensitive to structural differences 
that they could be used to predict meaningfully accurate 
vibrational transition moments in hydrocarbons and 
various fluorine compounds. &-10 

Two exceptions were noted early in the interpretation 
of intensities as atomic properties. The effective 
charges observed for the hydrogen atoms in HCCH and 
HCN, XH/ e = O. 19B ± O. 002 11 and XH/ e = 0.231 ± O. 009, 12 

respectively, clearly differ substantially from the val
ues common to the other carbon-hydrogen systems. In
deed, the larger values of the effective charges (and the 
approximately isotropic polar tensors) of the hydrogen 
atoms in HCCH and HCN more closely resemble those 
expected for a free charge in an ionic compound than the 
smaller values (and the highly directional, anisotropic 
polar tensors) associated with the atoms in strong co
valent bonds. Consequently, the peculiar values of XH 
in HCCH and HCN were rationalized using the chemical 
argument that, because of their acidity and the stability 
of acetylydes and cyanides, the protons in HCCH and 

HCN are markedly "different" from the protons in other 
hydrocarbons, and their effective charges, after all, 
should have been expected to be different. 12 

The discovery that the effective hydrogen atom charge 
in fluoroform was likewise anomalous clearly challenges 
the usefulness of the arguments used to explain the 
acetylydes and cyanides. The effective hydrogen charge 
derived from intenSity data in the literature is XH/ e 
= O. 297, a value closer to that in HCCH and HCN than 
other fluorine-substituted hydrocarbons. The above 
value for XH was derived from the differences in the in
tensities in HCF3 and DCF3 reported in the literature, 13 

using an intenSity sum rule given in the following sec
tion. 3 Although effective charges derived from this sum 
rule are free of many of the uncertainties that plague in
tenSity analyses, they depend upon differences between 
measured intensities and are especially sensitive to ex
perimental error. Consequently, it seems worthwhile to 
remeasure the integrated intensities of both HCF3 and 
DCFs in order to determine if the effective hydrogen 
charge in fluoroform really is as large as that in ace
tylene and hydrogen cyanide, and if a new rationaliza
tion is required to accoul)t for the effective charges 
in all three substances. 

This paper summarizes the results of the remeasure
ment of the integrated intenSities of the fluoroforms. 
It includes, in addition, the results of an ab initio cal
culation of the atomic polar tensors in HCF3• It was 
found that the effective hydrogen atom charge is XH/e 
=0. 049± O. 006, a value that is more representative of 
that in other hydrocarbons than that in either HCCH or 
HCN, although outside of the range of values common to 
the fluorocarbons. Furthermore, the signs of the di
pole transition moments obtained by ab initio calculation 
are those that minimize the error between calculated 
and observed integrated intensities. 

INTEGRATED BAND INTENSITIES 

Experimental intensities are found by the determina
tion of the concentration dependence of the integrated 
absorbance, 

I In(Io/I)d/l=A1(Cl)+Az(Clt+Aa(Cl)3+ .•• , (3) 

where Ai is the desired integrated intensity. The coef
ficients ~, ~, etc., are measures of dimer, trimer, 
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etc., absorption or, more often, of the effects of in
strumental distortion. Absorbance due to polymeric 
species is eliminated by reducing the concentration C 
of the absorbing species with a compensationg adjust
ment of the sample thickness l. Instrumental distor
tion is normally suppressed by pressure broadening the 
spectrum with a transparent foreign gas. This is the 
basis of the so-called Wilson-Wells-Penner-Weber 
method. 14

,15 The experimental test that the above ef
fects have been eliminated from band intensity mea
surements is that the integrated intensity is accurately 
described by the first term, A1(Cl), in Eq. (3) only; 
that is, the integrated absorbance satisfies Beer's law. 16 

The connection between integrated band intensities and 
molecular parameters has been expressed in several 
ways because of the use of a variety of systems of 
units. 5

,11 In an effort to accommodate all systems, this 
relationship is written in an invariant, dimensionless 
form, 

A1/(NA ao) = ((1foN3) (m./un I (aP;aQ)/(eu-1/2 )(2 (4) 

In Eq. (4), NA is Avogadro's number, ~ is the Bohr 
radius; GI'='(/lod!/41f)(e2 /nc) is the fine structure con
stant, expressing the reciprocal of the velocity of light 
in atomic units; m./u is the electron rest mass in 
atomic mass units, u; e is the electronic charge' while 
ap/aQ is the derivative of the molecular dipole :ector 
P with respect to the vibrational normal coordinate Q 

and contains the structural information. Because the 
term in brackets is a fixed, dimensionless constant, 18 

[( 1TGI'2 /3)(m./u)] = 3. 059139X 10-8, the integrated intenSity 
in any of the various systems of units can be found by 
expressing the quantity NA ao appropriately. In particu
lar, if the band intenSity is expressed in km mol-1 units, 
then NA ao = 3. 185728x 10-to km mol-I, so that 

Adkmmol-1 =974.86441 (aP;aQ)/eu-1/
2

1
2 

• (5) 

The atomic polar tensors are found by transforming 
the derivatives in Eq. (4) to a Cartesian representation. 
This may be expressed in a variety of ways also, our 
favorite being 

v~ p=(8P!aQ)(aQ/aR)VnR+(aP!ap)VnP+(flP;fl7)Vn7, 

(6) 
in which the matrix derivatives are defined in the usual 
way; for example, (8P/aQ) ={(PQ )",j},={ap,.!8Qj}, where 
Q = X, Y, Z, and QJ denotes the jth normal coordinate. 
The three terms on the right of Eq. (6) describe the 
separate contributions to the polar tensor of internal 
valence bond-angle displacement (R), and rigid-body 
rotation (p) and translation (7), respectively. Except 
for the explicit inclusion of rigid-body translation, Eq. 
(6) may be recognized as the same as that given by Per
son and Newton, 1 

where, for instance, L-1 ,= (aQ/8R), B'= (8R/8X), and 
(3 '= (8p/aX) are matrices introduced by Wilson. 19 

(7) 

Effective atomic charges are found either from the 
computed polar tensors USing Eq. (2), or directly from 
experimental data using an intensity sum rule. This 
sum rule follows from Eq. (6) or (7) and expresses the 

invariance of the traces of the products of matrices un
der orthogonal transformations, the result of which is 3 

L AJ/(NA ao)+ O/(NA~) =[ 1TGI'2(m./u») L (u/m~) (x~/e)2 , 
n 

(8) 
where (mn/u) denotes the mass of atom T/. The second 
term on the left of Eq. (8) defines the absorption inten
sity due to rigid body motion, 

O/(NA ao),=(1fQ2/3)(m./u)(u/e2
) 

X(P~+P~ + p~+pl + pi+p~ +3 (q2») (9) 
Ixx lyy lzz M' 

in which P y denotes a component of the permanent elec
tric moment of the molecule, lxx is a principal moment 
of inertia, and i' / M is the net molecular charge squared, 
divided by the molecular mass M. Thus, if the intensi
ties of all of the fundamentals of a molecule and any of 
its isotopic derivatives are known, the effective charge 
of the isotopically substituted atom, at least, can be 
easily determined by difference, using the sum rUle, Eq. 
(8). 

Any uncertainty in the effective atomic charges de
rived from the sum rule is due to error in the experi
mental intensities. Unlike those computed from the 
polar tensors using (2), these effective charges are in
dependent of errors in the normal coordinates, uncer
tainties in the signs of the dipole derivatives, (8P/8Q) 
derived from (4), or errors introduced by inaccurately 
separating the intensities of overlapping absorption 
bands. On the other hand, the effective charges derived 
from the intenSity sum rule depend upon differences in 
intensities, and are often quite sensitive to small er
rors in the experimental data. Consequently, in addi
tion to the requirement mentioned above, that the exper
imental integrated absorbances satisfy Beer's law, a 
second, necessary condition that the integrated intensi
ties are both accurate and have been analyzed correctly 
is that the effective atomic charges computed from the 
polar tensors for each isotopic species and from the 
sum rule all be commensurate. In the summary of our 
study of the fluoroforms, it will be demonstrated that 
both of these criteria are satisfied with excellent pre
cision. 

EXPERIMENTAL DETAilS 

The HCFs samples used in these measurements were 
obtained from the Matheson Chemical Co., further puri
fied by trap-to-trap distillation. The DCF3 samples were 
prepared by the decarboxylation of CFsCOOK in dideu
teroethylene glycol2o-e3 

CFsCOOK+ (CHzOD)2-DCF3+ CO2 + KO(CH2 )20D . 

For these measurements 0.125 mol CFsCOOK and 0.125 
mol (CH20H)2 were dissolved in 2. 5 mol DzO, and the 
mixture distilled under reduced pressure at 70°C to 
remove excess water. The residue was then heated at 
160°C for about 4 h, and the DCF3 and CO2 evolved was 
coUected. The CO2 was removed by passing the gas 
mixture through an Ascarite@ column, and the DCF3 was 
further purified by trap-to-trap distillation. The gas sam
pies usedwerefoundtocontain 95± 2% of DCF2 and 5±2% of 
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TABLE 1. Concentration dependence of the integrated absorbance of the fundamental modes of 
HCFa as defined in Eq. (3). a 

Model Ao (cm- I ) AI (kmmol-!) A2 (dam a mol"2) 

23.85 (0.10) 

"t (3036 cm-t ) II 0.3(0.3) 23.65 (0.21) 

III 24.21 (0.24) -2.01 (1.29) 

626.82 (0.51) 

v2+v5 (1150 cm-!) II -0.02(0.11) 627.29 (2.27) 

III 626.73 (2.71) 18. (612.) 

I 12.11 (0.05) 

v3 (700 cm-I ) II 0.1 (0.3) 12.06 (0.17) 

III 12.30 (0.24) - 1. 00 (1. 29) 

81. 96 (0.07) 
v4 (1372 cm-!) II - 0.002 (0. 057) 81. 96 (0.17) 

III 81.83 (0.30) 4.02 (9.48) 

I 4.17 (0.02) 
v6 (507 cm-1) II - O. 01 (0. 29) 4.17 (0.07) 

III 4.19 (0.09) 

~he dispersions estimated by least-squares adjustment are given in parentheses. 

HCF 3, evidently caused by the incomplete conversion of 
(CH20H)z to (CHzOD)z, as determined by the relative in
tensities of the 52u and 51u peaks (DCFz and HCFz) in 
the mass spectra of the final mixture. The concentra
tion of HCFa in this mixture was further verified by the 
band intensity of its V4 mode, following the procedures 
described next. 

The details of the intensity measurements on the 
fluoroforms are similar to those reported earlier on 
measurements on other systems. 11,12,24 In summary, 
the spectra were obtained using a Perkin-Elmer Model 
301 spectrometer with a spectral resolution of about 
1 cm-t • The gas samples were contained in a Teflon
coated cell with a nominal length of 5 cm and the spectra 
were pressure-broadened with helium at total pressures 
of 6.89 MPa. These high pressures were observed to be 
adequate for collision broadening but still too low to 
cause noticeable induced absorption. 

Because the band absorbances of the V4 and the over
lapping V2 + V5 bands in HCF a, and the V4 band in DC F 3 

are very strong, correspondingly low fluoroform concen
trations were used to determine the intensities of these 
bands from Eq. (3). To avoid excessive error in deter
mining these low concentrations by direct pressure mea
surement, the gas samples were first diluted about 10-
fold with helium, so that all pressure measurements 
on either pure or diluted samples fell within the same 
range, 1-20 kPa, and had the same precision, ± 6 Pa. 
The uncertainty in the composition of the helium-fluoro
form samples, introduced by dilution, was taken to be 
less than 1%, as determined by the precision of the pres
sure measurements made in preparing the mixtures, 
and from the integrated absorbances in the mixtures of 
the V1 mode of HCF3 and the V5 mode of DCF3, the inten
sities of which were determined from the nondiluted 
samples. In all, the integrated absorbances of each 
fundamental were measured at eight different fluoroform 
concentrations. 

The integrated intensities were determined by the 

least-squares analysis of the integrated absorbances. 
In order to test these measurements for one class of 
systematic error, three alternative models based on 
Eq. (3) were examined. In the first (Model I), it was 
assumed that the data satisfied Beer's law exactly, by 
including only the term containing A1 in Eq. (3). In the 
second (Model Ill), it was assumed that the data do not 
satisfy Beer's law, and a second term containing Az was 
also included. Finally, a third possibility was examined 
(Model II) by including a constant Ao to Eq. (3), along 
with the linear term. The values of the constants based 
upon these models are summarized in Tables I and II. 

The results given in these two tables indicate that our 
measurements satisfy the Beer's law criterion with good 
precision. 16 The integrated intensities At obtained from 
the three models are not only in good agreement with 

TABLE II. Concentration dependence of the integrated absor-
bance of the fundamental modes of DCF3 as defined in Eq. (3). a 

Model Au (em'l) AI (kmmo]"l) AI (dam" mol") 

I ~9.45(0.1l) 

VI (2257 em'l) II 0.08 (0.40) 29.38 \0.45) 
III 29.50(0.57) - O. oj \.J.') 

7S.1i7 (0. 1~) 
v, (1109 em'l) II 0.3 (0.2) 75.02 10.43) 

III 76.74 (0.42) -lti.59 (G, (5) 

12. 7B (0.02) 
v, (693 em 'I) II 0.2 (0.2) 12 .1i9 (0. 10) 

III 12.8910.12) - 0, .')0 (J, 571 

577.2::! (0.50) 
v, (1209 em'l) II 0.05 (0.07) 57G.2J (l.G3) 

III 5iB.76 (2.04) -:30 1. (:J7:li 

47.31 (0.2:ll v, (974 em'l) II O. I (0.6) 47.16 (0. G6) 

III 47.49 (I.l.J) -1. ,j (8,i) 

I 4.48 (0.01) 
Vo (503 em'l) II 0.1 (0.2) 4.44 (0.04) 

III 4.53 (0.01» -O.IO(O.I\) 

"The dispersions estimated by least-squares adjustment are 
given in parentheses. 
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TABLE III. The integrated band intensities of the fundamental modes in CHFg and CDF3 in 
kIn morl units. 

Sign Theoretical values 
Experimental values 

flP/'OQ SCF This worka Others 

"I + 38.8 23. 9± 0.4 23.5b 24.8e 35.2d 

"2 + "5 (+, -) 167. +563=730 626.8±6.6 540. 695. 860 

"3 + 29.6 12.1±0.2 14.6 13.2 14.9 

"4 136. 82. O± O. 3 87.6 87.5 97.2 
liS + 16.6 4.17±0.07 4.9 4.6 5.2 

LA 951. 749±7 671. 825. 1013. 

"I + 56.3 29.5 ± O. 7 24.9° 

"2 + 145. 75.7±1.7 85.5 

"3 + 31. 2 12.8±0.3 12.4 

"4 + 674. 577.±13 531. 7 

"5 26.0 47.3±1.3 43.7 

"s + 15.9 4.48± 0.10 5.04 
L;A 948. 747 ± 13 703. 

'The uncertainties represent the estimated 99% confidence interval, based upon the dispersions 
given in Tables I and II, and the estimated magnitude of systematic error; see text. 

lIneference 25. 
"Reference 13. 
~eference 26. 

TA BLE IV. Structural data for the fluoroforms. 

Masses (u)~ mH = 1. 007825, mo =2. 014102, mF= 18.998405, mc = 12 

Structure: RCH =0.1098 nm, RCF = 0.1332 nm, FCF = 108. 8°, Dipoleb
: 5. 504x 10-30 cm 

Harmonic frequencies (cm-I)c: 

HCF J DCF 3 

vI 3077 "4 1397.5 

Al "2 1154.7 E "5 1187.5 
v3 709.7 "6 518.9 

"I 2268 

Al "2 1123.3 

"3 704.4 

"4 
E "5 

"6 

1235.5 
989 
513.7 

Symmetry coordinatesd: 

SI =(1//3) (RCFl +RCF2 +RCF3) 

S2 = (l/v'6) [a(F ICF2 + FleF3 + F2CF3) - b(FICH + F2CH + F 3CH 1 

53 =RCH 

54 = (l/{2) (RCF
2 
-RCF3 ) 

S5=(1/{2) (FICFJ-F2CF2) 

S6=(l/,fl) (F2CH-FsCm 

"Reference 28. 
~eference 29. 

a=1.01188, b=0.98797 

"Reference 27. 
dReference 30. 

TABLE V. Normal coordinates, (a5/aQ), in HCF3 and DCF3 in units of u-1/2. 

HCFJ
a 

Q1 Q2 Q3 QI 

SI 0.04899 0.26261 -0.10424 SI 0.07848 

AI 52 -0.13982 -0.43412 -0.32719 52 - O. 21306 

53 -1.03705 0.00252 -0.00486 53 - O. 76038 

Q, Q, Qs Q, 

S, 0.15051 0.37212 0.03999 S, - O. 38447 
E 55 0.16340 0.27661 -0.30213 55 -0.32403 

56 -1. 18702 0.12287 - 0.10395 56 0.55582 

DCF3
a 

Q2 Q3 

0.25721 -0.09958 
- 0.40032 - O. 33077 

0.03973 0.00183 

Q5 Q6 

0.11610 0.03780 
0.01852 -0.29860 
0.70181 - 0.12906 

~he indices labelling the normal coordinates correspond to the labels identifying the normal frequencies 
in Table IV. 
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~, ~, one another, the largest difference being 1.6% for the ... "" V3 mode of RCF 3, but the other parameters Ao and Az "" ... 
0 0 

are also of dubious statistical significance. Consequent-
0 e 0 0 ;:;> 0 0 .-' ly, significant uncertainty is not introduced if we as-.... 
'" '" M 

U 0 0 0 0 Lt> sume our measurements satisfy Beer's law, and only ~ ~ ...; 
the intensities computed using Model I are considered 

ii) a; in the following analysis. 
C') ... 
0 0 

0 
0 

0 0 e 0 RESULTS 
0- 0 et:) 
M M 0 en 0 The integrated intensities of the fundamental bands in .:; t:- t:- et:) .. ~ ...; ~ the fluoroforms are collected in Table III, where they --~ Ii) a; are compared with other measurements reported in the 

$ M ... 
literature. 13,25,28 'a 0 0 The uncertainties in the band intensi-

::s 0 
0 

0 
0 0 ties given in Tables I and II represent the calculated dis-c 0 '0 et:) t) ·s M C') en 0 0 persions, under the assumption that the measurements () t:- t:- ao 

~ 
~ ,,..., 

I'" ,""" are subject only to random experimental error. These 
a estimates are a useful measure of the precision with .... 
d which our results satisfy Beer's law, but they probably t) 

.::: do not indicate the true accuracy because of the sys-bIl 

,; tematic errors described in the preceding section. 
d 1-- ~, 1- ~I 

The uncertainty in the concentrations of the gas samples 0 "" t:- Lt> "" ... c 0 0 0 

~ 0 0 0 
used to measure the 1'2 + Vs modes in RCF 3 and the V4 :l 0 e 0 0 

.Sl <0 0 ..... M 0 M I"" ",I >< mode in DCF 3 due to dilution with helium is at most 1%, 
aI '" "" t- "" ... 

0 
00 .3 t) r:: N M "" M "" "" and the uncertainty in the purity of the DCF3 used here 

0 0 ,; ,; ,; Q) C) ~ 0 Q) was at most 2%. To obtain a more realistic confidence ::: I I I '" :6 
~ Ii) 

-.:' interval of the intensities of each mode, these systematic .., c:\! 

~ 0 0 > errors were combined with the generally smaller uncer-0 0 ~ a Q) 
tainties due to random error where applicable, and are e 0 e E 0 0- 0 0 "" 0 <- given in Table III. .... 

'" '" M Q) 

~ r:: "" "" 0 "" 0 0 
,; ,; s:: :>-. 0 Q) In order to extract structural information from the 

( I f "0 

~ 
<::: integrated intenSities, the atomic polar tensors need to s:: 

Q 0 be computed and analyzed. For this purpose, the nor-0 ~ -0 M <0 0 

~ "" ... ..... 0 ~ mal coordinates for RCFa and DCF3 were computed by ° 0 0 0 '" '" 0 
0 e 0 0 0 the usual methods, using the force constants reported u:; 00 u:; Q) 

~ '" <'l <'l .z by Kirk and Wilt. 27 00 0 00 0 "" 0 Relevant structural information and Q r:;- oo 00 .... 00 0 ... Q :I: ~ ,; c 0 0 c ,; <l) the resulting normal coordinates are summarized in 
s:: I I I I Ol 

Tables IV and V, respectively. ... <l) 

III I-< 

.21 0. 
<l) 

The actual calculation of the polar tensors using Eqs. ;;: I-< 
III ,; (4) and (6) is apbiguous because of the uncertainty of the d 

~ al 

'" signs of the (SP/SQ) components, and because only the _I ~I al 

j '" "'1' .a 
0 ° Q sum of the Va and Vs band intensities was measured. To 
° 0 t) 

° e ~ help resolve the sign ambiguities, ab initio values for the c:\! 
~ 0 0 "O:l 0 0 ... ",I 0- polar tensors were derived. Using the GAUSSIAN-70 pro-... t:- '" t- .5 
~ ttl 

0 0 0 0 0 gram system and the standard 6-31 Gaussian basis set,31 
~ ,; ,; o. s:: 

~ I I I al the dipole derivatives in Eq. (1) were estimated, with a > .... 
'bo '" preciSion of about ± O. 003e, by the finite displacement t) ig .::: <0 ii) of the atoms from their pOSitions in the equilibrium con-~ 0 0 s:: o! Q) 0 <:> Q)- figuration described in Table IV. The resulting polar 'C s:: 0-

0 0 
8.~ <II 0 e:r 0 <:> 0' ° tensors are given in Table VI, and the signs in the (SF/ ~ t-o M "'" 0 s>< 

~ ~ 0. c 0 0 0 o al &Q) array and the integrated intensities derived from the 
Q) 0 0 ,; o£ .... 

I ~ Q) computed polar tensors are included in Table m. 
I-< o a 
«! ~c;:: - To test the validity of these ab initio calculations, and 8. <0 U; 

Q) Q) 
.... "0 

0 0 0 I 
al '" estimate the separated intensities of the ~ and Vs modes 

.~ 
0 ° .z s 
<:> 0 s:: 0 in RCF 3, the observed intensities were !l;!lalyzed using 

~ "O:l 0 0 0- c 0 t- ..... ~ 
en "" 0 

.~ r.. all possible sign combinations for the (SP/SQ) deriva-
Q) <:> <:> <:> 0 0 

..<:I :I: 
1 0 0 1:"0 tives. For each of the 64 sign combinations, the polar ~ >< L O 

I .... :a tensors in DCFs were computed using the measured band !l .... I-< - intens ities. Assuming that the ratio of band intensities ;;;. alQ 
0 

r.l p §i for the V2 and Vs modes in RCF s is equal to that comput-H 
~ r.:;' ~ r.. t) Q) ed using the polar tensors of DCFs, the intensity in the 
~ Q g 0 ..<:1..<:1 

:x:: 00 tor over lapping va + Vs band was partitioned between the two 
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TABLE VII. Effective atomic charges, mean dipole derivatives, and atom anisotropies. a 

XH/e PH/e i3H/e XF/e PF/e i3 F/e 

HCF3 , Eq. (2) O. 049± O. 004 - O. 003± 0.003 0.104 ± 0.009 0.596±0.016 -0.505±0.012 0.670 ± O. 110 

DCF3 , Eq. (2) 0.048±0.005 0.006±0.005 0.101 ± O. 009 O. 599±0. 009 - 0.508 ± O. 007 0.675 ± 0.064 

Sum Rule, Eq. (8) 0.049±0.029 

SCF, Eq. (2) 0.046 - O. 031 0.072 0.622 - O. 582 0.479 

FCH3 • Eq. (8)b 0.094 ± 0.006 -0.019±0.008 0.195±0.014 O. 577 ± O. 040 - O. 481 ± O. 035 0.679 ±O. 082 

arhe uncertainties define extteme values computed from the uncertainties in the polar tensor components Table VI, or the 
intensity sums, Table III. 

bneference 32. 

modes, and the polar tensors were computed from the 
HCF3 measurements. 

We were pleased to find that the sign combination de
rived in the ab initio calculation gave the best results. 
Not only were the polar tensors from HCF3 and from 
DCFs in closest agreement, but the band intensities of 
HCF3 computed from DCF3 polar tensors, and converse
ly, were closest to the experimental values. Thus, we 
adopted the signs obtained from the ab initio calculations 
as the proper combination, and give the polar tensors 
derived from this set in Table VI. The uncertainties in 
their components represent the estimated 99% confidence 
interval, as obtained from the uncertainties in the mea
sured band intensities in Table III, assuming an addi
tional 5% error in the intensities of the va and Vs bands 
in HCF 3 representing the estimated error introduced 
from the intensity separation procedure described above. 

DISCUSSION 

Overall, the atomic polar tensors given in Table VI 
are in good agreement with one another. The experi
mentally derived polar tensors for the F and C atoms 
in HCF3 and DCF3 are in essentially exact agreement 
with one another, while the hydrogen and deuterium ten
sors just miss agreeing within their estimated uncer
tainties. To improve the agreement between the Hand 
D atom polar tensors would require a substantial im
provement in the accuracy of these measurements, and 
perhaps the inclusion of anharmonicity in the analysis, 
because the intensities are reasonably insensitive to the 
hydrogen atom polar tensor. Indeed, the sums of in
tensities, given in Table III, appear to be independent 
of isotopic substitution. 

The polar tensors derived by the ab initio calculations 
are also in fair agreement with the experimental results. 
The intensities derived from them, included in Table III 
for comparison, differ substantially in magnitude from 
the measured values, but are highly correlated with the 
experimental values (r"" O. 999). Clearly, then, the 
most serious disagreement between the theoretical and 
experimental results is the sign discrepancy in the H 
atom polar tensor. Although this discrepancy does not 
influence the signs of the (ap/aQ) derivatives, for which 
the F atom polar tensors are dominant in this system, 
it nonetheless points out a potential hazard in develop
ing a structural model of vibrational intensities based 
only upon theoretical calculations. 

One of the main purposes of these measurements, as 
stated in the beginning, is a redetermination of the ef
fective atomic charges in fluoroform. The effective 
charges derived from these measurements are given in 
Table VII, along with two other tensor invariants, 32 

the mean dipole derivative, 

p~~ (1/3)[(apx/aX~)+ (apy/aYnl+ (apz/az~)l, (10) 

and the atom anisotropy, 

{3~~ (9/2)(X~ -~) . (11) 

These results summarized in Table VII indicate that 
our measurements satisfy the second necessary condi
tion, mentioned at the end of the introduction. Not only 
do these measurements satisfy Beer's law, the first con
dition, but also the effective charges derived separately 
from the polar tensors of the isotopes, Eq. (2), and from 
the intensity sum rule, Eq. (8), are all in excellent 
agreement with one another, as are most of the other 
tensor invariants. The single exception seems to be 
the mean dipole derivative for hydrogen, PH, but even 
here they all agree, that it is very small. 

For comparison, the invariants derived from the polar 
tensors in FCH3 are also given in Table VII. 32 To the 
extent indicated by the invariants, the transferability of 
the fluorine atom polar tensor is clearly demonstrated, 
but that for the hydrogen atom is not. The effective hy
drogen charge found here differs significantly from that 
in FCH3, and falls outside of the range, XH/ e = 0.088 
± 0.015, observed for most other hydrocarbons. 3 This 
value also differs Significantly from the value XH/ e 
=0.297 derived from intensity measurements reported 
in the literature, 13 but is more representative of the 
small effective charges associated with atoms in strong 
covalent bonds, rather than those associated with "acidic" 
protons. ThUS, while the effective hydrogen charge ap
pears to be structure dependent, these measurements 
suggest that less drastic assumptions will be required to 
account for that dependence than the earlier intensity 
measurements indicated. 
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