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Abstract

The infrared spectra (3500-80 cm ~ ') of gaseous and solid and the Raman spectra (3500-30 cm ~ ') of liquid with
quantitative depolarization values and solid fluoromalononitrile, FHC(CN),, have been recorded. These spectra have
been interpreted in detail and a complete vibrational assignment is proposed based on infrared band contours,
depolarization values, and relative infrared and Raman intensities. The assignment is supported by a normal
coordinate calculation based upon force constants obtained from MP2/6-31G* ab initio calculations. Also, from these
calculations the predicted infrared and Raman spectra have been obtained. The C-H bond distance is predicted to
be 1.096 A from the isolated carbon-hydrogen stretching frequency. Optimized geometric parameters have been
obtained from RHF/6-31G*, MP2/6-31G* and MP2/6-311 + + G** ab initio calculations. These results are discussed

and compared with those obtained for some similar molecules. © 1997 Elsevier Science B.V.

Keywords: Infrared and Raman spectra; Ab initio calculations; Fluoromalononitrile

1. Introduction

We recently carried out a Raman and infrared
spectral investigation of 1,1-dicyanocyclobutane
{1] and 1,1-dicyanocyclopropane [2] with particu-
lar interest in the low-frequency C =N bending
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Products Division, Bayer, Bushy Park Plant, Charleston, SC
29411, USA.

2 Taken in part from the dissertation of Z. Yu which will be
submitted to the Department of Chemistry in partial fulfill-
ment of the Ph.D. degree.

modes. As a continuation of these studies, we
have investigated the infrared and Raman spectra
of fluoromalononitrile, FHC(CN),, to compare
the frequencies for the CN groups relative to
those in the three- and four-membered ring com-
pounds. Further, in order to provide additional
information with regard to the structural parame-
ters of FHC(CN), we carried out ab initio calcu-
lations with the 6-311+ 4+ G** basis set with
electron correlation to the second order (MP2) [3].
Ab initio calculations with the 6-31G* basis set at
the MP2 level were carried out to determine the
harmonic force field in order to provide informa-
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tion about the potential energy distribution for
the normal modes among a set of symmetry coor-
dinates. We have also predicted the infrared and
Raman spectra (RHF/6-31G*) from these calcula-
tions. The results of this spectroscopic and theo-
retical study are reported herein,

2. Experimental and theoretical methods

Many attempts have been undertaken to pre-
pare fluoromalononitrile through halogen-halogen
exchange reaction by treating monobromoma-
lononitrile with a variety of fluorinating agents.
Neither the variation of the fluorinating agent nor
the alternation of the solvent, e.g. acetonitrile,
diglyme, dimethylsulphoxide and N-
methylpyrrolidone have led to the target com-
pound. We, therefore, decided to follow a
modified route as first described by Bergmann et
al. [4] for the preparation of the intermediate to
produce diethyl fluoromalonate HFC(COOC,H;),
according to the following scheme:

2Na + 2CH,OH — 2NaOCH, + H,
CH,0~ + H,FC(COOC,H,)

- CH,OH + -~ CHF(COOC,Hy)

~ CHF(COOG,Hs) + CICOOC,H;
—HFC(COOC,H,), + Cl—

Although the detailed description of the synthe-
sis of fluoromalononitrile will be published [5]
elsewhere we will summarize the preparation.

To a suspension of alcohol free sodium methox-
ide, prepared from metallic sodium in light
petroleum, ethyl fluoroacetate was added at about
5-10°C. The reaction mixture was then allowed
to come to room temperature and stirred
overnight. The reaction mass was cooled and
ethyl chloroformate was added rapidly. After the
mixture was heated to reflux for about one hour it
was poured over ice. The organic layer was then
treated as previously described [4] to provide di-
ethyl fluoromalonate. A purified sample of diethyl
fluoromalonate was added dropwise to a cooled
30% solution of ammonium hydroxide. The re-
sulting diamide was dried and then dehydrated

with P,O.. For this step in the preparation a
special apparatus was designed and the particular
technique as described by Bergmann et al. [4] was
applied. The final product, fluoromalononitrile
was purified by distillation. Fluoromalononitrile
is very sensitive to moisture and air. On exposure
to moisture the colorless liquid changes to a
brownish color and eventually to dark brown.
The purity of the sample was checked by infrared
and NMR spectroscopy and mass spectrometry.

The sample was further purified with a low-
pressure, low-temperature column. The Raman
spectra of liquid (Fig. 1) and solid were recorded
on a SPEX Ramanlog spectrophotometer
equipped with a Spectra-Physics model 171 argon
ion laser operating on the 5145 A line. The liquid
sample was sealed in a glass capillary and the
spectrum record at ambient temperature. Then
the spectrum of the solid was recorded by insert-
ing the capillary into a Miller-Harney [6] jacket
cooled by N, gas obtained from liquid N,. The
temperature of the solid was maintained at about
—26°C by controlling the rate of the nitrogen
boil off from the liquid. The frequencies for the
observed lines are listed in Table 1.

The mid-infrared spectra (Fig. 2) of the gas and
the annealed solid from 3500 to 400 c¢cm ™! were
recorded using a Perkin—-Elmer model 2000
Fourier transform interferometer equipped with a
nichrome wire source, Ge/Csl beamsplitter and
DTGS detector. The spectrum of the gas was
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Fig. 1. Raman spectrum of liquid (A) and theoretical (B)
predicted Raman spectrum of fluoromalononitrile.



2003

M. Dakkouri et al. / Spectrochimica Acta Part A 53 (1997) 2001-2012

z

m 8701
A 0p01
ysens 40 Y w901 (€5°0) 90°S ov'Q M 9L01 SA 0901
4% J0 *ug MA 0011 S €L01
M 7801
M 0601
A £ ¥4
puaq aureid
-Jo-mo HO Ma €L0) 161 w Soet
puaq
sueld-ut HO ta W SoET  (YLO) ¥T9 dp ‘» £1gl W ZIgl
w pitl
HA 91¢l
M LO1T
ma 8¢
yojans ND
SLIPUIIAS g SA SLTT 1°0) 6°0L [0°s 89¢C w - pLTT
[03011s
ND ou
-PWwASHUY ol s 78t (5L0) 8°€C dp “m e w87
MA TLST M 6L5C
w 996¢
g318ns HO b sA LL6T (17°0) 8°6L 10w §s6c sA £L6T
uorndiiosap ‘odaq ‘1odag
ajeurrxorddy p Wiy pHos /g Joe)  pue ju Y pnbrg WPy paes
Juawugssy ugwey

d vL01
g ‘110 0801
A 9801
O 001!

d §0C1
75 01T1
o 91T

Xew $0¢ 1

d S0l
O el
¥ 91¢€l

d £viT
€ w6y
A §$TT

d 192¢C
O 69T
O 0LTT
O 1Lz

O Tt
W SLTT
O 8L¥¢
O £65T
O 1£9¢
d 0S6¢
g ‘10 £56¢C
d LS6T

ser)

parexjuy

3[LIIUOUO[BWICIONY 10) (, WD) SISQUINUIARM UBUITY PUE ,PAIRIUI PIALISGQ

[ 9lqeL



9

M. Dakkouri et al. ; Spectrochimica Acta Part A 53 (1997) 2001--201

004

A

puag

, dL0g
aseud-at TN, i S PEC (€L°0) 2L dp ‘w 8¢ sA 7T 991 s 0TIz
ol 744
puaq oseyd
-j0-1m0 S(ND) la LN 74 (SL'0) 8T dp s 8€T SA Q€T o' s O st
_puaq d €€
aseyd-ur ~(ND) Pl WS¢ (cLo) s1v dp ‘w e W pbe SE0 s O oge
£pg = 21454 Ma O Igg
A O t¢¢
0sp = *1ag 10 d 1w
LEp = la+84 MA 19 97
A 1t
puaq suwid d Seb
-jo-ne 4> £l M LIS (sL0) 9Lt dp ‘ma s M 9[¢ SLT A Vv ‘O s
d 605
i A TS§
puaq {NDID 4 M 0L (Ts°0) 67°¢ €0 ‘m 0LS s 696 60 M g ‘10 g¢g
puaq WL d 95
auerd-ur 40 % Mo LI9 To) 11¢ 10 ‘s 119 A {] Pl A 20 09
d 078
MA 110 $T8
q 8T8
yotans Us ‘M ¢og d 898
JInPWWAS £)5 St S €L8 (0T0) €19 10 ‘s ZL8 sA 898 $'0T 8 D0
w O 088
w906
M 166

4Jlad18 LW d 2001
-whsyue H5 y w o gror  (SL°0) 951 dp ‘ma siol sa 9101 08 sA v ‘O €101
d 6101

uondnosap ‘odeq Toda(g
areunxoyddy p i U Pd PHOS /oD pue ul 9y pmbrg W RPY PHOS PRI i 1o ELEEY| seD
Juawugssy urtey paaejuy

(ponunuod) [ 3jqel



2005

M. Dakkouri et al. / Spectrochimica Acta Part A 53 (1997) 2001-2012

‘p AL 298 SIAQUINU UOHEIGIA JO] ,
138 SIS8qQ (O[€-9/JHY Y} Suisn | _nwe v Ul Son1ANSE FuLIa)jeos ULWEY PoIRnde) o

198 SISeq «D[€-9/7dIN 2y) SISy, [OW WY Ul SIMISUBIUL PAIRLJUL PIIB[AO[ED) o

‘sapour sz pajeotput sawd o[qnop pue ‘sspows g-ayonvd sayeorpur swiid 3y ‘SaYOURIG [RUOTIRIGIA—[BUOIIERIOL Y}

01 19J21 ¥ pue Q) °J ‘sadojaaua pueq paieljuy 0} I3Ja1 ) pue ‘g “y pazuejodep ‘dp ‘pazurejod ‘d ‘1opjnoys ‘ys ipeolq ‘pq K10A ‘A DeaM ‘M DIRISpOW ‘W ‘FUOMS ‘S

s 8
s LS
SIpow DNIEY M 08 A I8
mA 16 M L8
s 8l L |
puaq sseyd d LT
-jo-1mo ¥ND) b w o 99] L o) 01°s dp s Sl pq s 791 LYL q ‘wnw [€]
A LET
uonduossap Todaq Todaq
srewnxoxddy p ELSEMED B! (U /ul yore)  pue juf ]9y pmbry ] Y pros Q' UI 9D ] Py sen)
JUWUSISS Y uewey paIeljug

(panupuod) j 9)qe]



2006 M. Dakkouri et al. ; Spectrochimica Acta Part A 53 (1997) 2001-2012

Ty

Ll

I . .
2000 1000
WAVENUMBER (cm-1)

i
3000

Fig. 2. Infrared spectra of gas (A), solid (B) and theoretical (C)
predicted spectrum of fluoromalononitrile. The low frequency
spectra (400 cm~! in A and 650 cm~! in B) were recorded
from different samples than those for the mid-infrared data.

obtained by using a 12 cm cell equipped with Csl
windows. Atmospheric water vapor was removed
from the interferometer chamber by purging with
dry nitrogen. For the solid, the spectrum was
recorded by depositing a solid sample film onto a
Csl substrate cooled by boiling liquid nitrogen
and housed in a vacuum cell filled with CsI win-
dows. The sample was annealed until no further
changes were observed in the spectrum. Interfero-
grams obtained after 128 scans for the gaseous
sample and reference and 64 scans for the solid
and reference were transformed by using a boxcar
truncation function with a theoretical resolution
of 0.5 and 1.0 cm ~! for the gas and solid samples,
respectively.

The far-infrared spectrum (600 to 50 cm — 1) of
the solid was obtained by using a Perkin-Elmer
model 2000 Fourier transform interferometer
equipped with a far infrared grid beam splitter
and a DTGS detector. The spectrum was obtained
by condensing the sample on to a silicon plate

held in a cell equipped with polyethylene windows
and cooled with boiling liquid nitrogen.

The far infrared spectrum (Fig. 2) of the gas
was recorded on a Bomem model DA 3.002
Fourier transform interferometer equipped with a
vacuum bench, a Globar source and a liquid
helium cooled silicon bolometer with a wedged
sapphire filter and polyethylene windows. The
gaseous sample was contained in a 1 m optical
path cell. A 6.25 mm Mylar beamsplitter was used
to record the spectra at a resolution of 0.1 cm~ .
Typically, 256 scans were needed for both the
sample and reference to give a satisfactory signal-
to-noise ratio.

The geometry optimization of fluoromalononi-
trile was performed by the LCAO-MO-SCF re-
stricted Hartree—Fock calculations with the
program [7] Gaussian 92 using the 6-31G* Gaus-
sian-type basis sef. The energy minimum with
respect to the nuclear coordinates was obtained
by the simultaneous relaxation of all geometric
parameters using the gradient method of Pulay.
[8] Calculations were also carried out with elec-
tron correlation to second order, i.e. MP2/6-31G*
and a larger basis set, MP2/6-311 + + G**, These
parameters are listed in Table 2.

The intramolecular harmonic force fields were
calculated with the Gaussian 92 program [7] at
the RHF/6-31G* and MP2/6-31G* levels. Inter-
nal coordinates were defined as shown in Fig. 3,
which were used to form the symmetry coordi-
nates listed in Table 3. The Cartesian coordinates
obtained for the optimized geometry were used to
calculate the B-matrix elements with the G matrix
program of Schachtschneider [9]. These B-matrix
elements were used to convert the ab initio force
fields in Cartesian coordinates to a force field in
desired internal coordinates and the resulting
force constants are listed in Table 4. This force
field was used in a mass-weighted Cartesian coor-
dinate calculation to reproduce the ab initio vi-
brational frequencies without a scaling factor
which are given in Table 5. Scaling factors of 0.9
for all of the stretches, except the C =N stretch,
and for the C—H bends, and 1.0 for all other
diagonal force constants along with the geometric
average of the interaction terms were input along
with the force field into the perturbation program
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[9] to obtain the ‘fixed scaled’ force fields, vibra-
tional frequencies, and potential energy distribu-
tions (PED). These data are listed in Table 5.

3. Results and discussion

The fluoromalononitrile molecule has a plane
of symmetry which contains the » and ¢ axes so
the nine fundamentals of A’ symmetry will give
rise to infrared bands with B, C, or B/C hybrid
contours and polarized Raman lines. The six A”
fundamentals will give rise to pure A-type con-
tours. The three band types are shown in Fig. 4
and there is a clear difference between the A- and
C-type contours. Also, the B-type contour is quite
distinct and any vibration giving rise to this band

Table 2
Structural parameters, rotational constants, dipole moments,
and energy for fluoromalononitrile®

Parameter RHF;/6-31G* MP2/6-31G* MP2/6-311+G**

H(C—C,) 1.478 1.472 1.471
HC-Cy) 1.478 1472 1.471
+(C,~F) 1.347 1.384 1377
#(C,~H) 1.080 1.095° 1.094°
#(Cy-Ny) 1132 1.180 1.174
#Cy—Ny) 1132 1.180 1.174
(FCH 1089 108.3 108.2
£C,C,C, 1108 110.6 110.8
/[ N,G,C, 1784 178.5 178.6
LN,C,C, 1784 178.5 178.6
LFC,C, 1097 109.3 109.8
(HC,C, 1089 109.6 109.1

A 6032 5847 5809

B 2928 2855 2881

C 2072 2022 2026

i 0.000 0.000 0.000
|| 1.811 1.673 1.655
I 2319 2.444 2.468
I 2.942 2.962 2972
—(E 0.472618 1.353958 1.601608
+322)

* Distances in A and angles in degrees, rotational constants in
MHz, dipole moments in Debyes and energy in Hartrees.
® Value from isolated C—H stretching frequency is 1.096 A.

@
N4

Fig. 3. Internal coordinates for fluoromalononitrile.

type can clearly be assigned as an A’ mode. The
ab initio calculations predict that three of A’
fundamentals will have depolarization ratios of
0.73-0.74 so the depolarization ratios for these
fundamentals can not be used to distinguish them
from the A” fundamentals. However, the funda-
mental at 131 cm ! has a ‘pure’ B-type contour

Table 3
Symmetry coordinates® for fluoromalononitrile

Species  Description Symmetry coordinate”
A’ CH stretch $,=T
(CN), symmetric S,=P+Q
stretch
CH bend S;=2¢0—y—1-
CF stretch Sy=
CC, symmetric stretch S;=r,+r,
CF bend S¢= 1+
CCC bend S, =«
(CN), in-phase bend Sg=¢8—¢6
(CN), out-of-phase So=1,+71,
bend
redundancy Sir=2+p+p+¢
+ 7ty
A" (CN), asymmetric Sie=P-0Q
stretch
CH bend S“—)l—v
CC, asymmetric stretch Sy, =71;—r,
CF bend S,3=ﬁ]~ﬁ2
(CN), in-phase bend Sa=1—1
(CN), out-of-phase Sis=¢&+&

bend

2 Not normalized.
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Fig. 4. Calculated pure (A) A-type; (B) B-type, and (C) C-type
infrared contours.

and the 212 cm~' band has a B/C hybrid con-
tour. Therefore, these two bands are A’ funda-
mentals even though the Raman lines are
depolarized. The other A’ fundamental with the
predicted depolarized Raman line is the C-H
in-plane bend but it is so close to the C-H
out-of-plane bend that it is quite difficult to de-
cide which of these modes has the higher fre-

quency. Nevertheless, we have assigned the higher
frequency band at 1312 cm ' as the A" bused on
the ab initio predictions that this mode has u
higher frequency than the corresponding A"
mode. The assignment of the remaining six A’
modes can be readily accomplished based on their
polarized Raman lines at 2955 (CH stretch), 2268
(CN stretch), 1076 (CF stretch), 872 (CC, stretch),
611 (CF bend) and 570 cm ~! (C(CN), deforma-
tion). The assignment of the six A” modes is
straight forward using the depolarized Raman
lines at 2272, 1015, 512 and 344 cm~ ' along with
the two lines previously discussed. The assignment
is summarized in Table 5.

There is significant mixing of the v through v,
in the A’ symmetry with most of these fundamen-
tals composed of approximately 50% of the de-
scribed motion along with 20-25% of two other
bending motions. In the A” symmetry block the
CF bend and (CN), out-of-phase bend have sig-
nificant mixing but the other modes are relatively
pure motions. Therefore, the descriptions given to
the fundamentals provide a reasonable approxi-
mation of the molecular motions involved.

The force constants listed in Table 4 have val-
ues for the diagonal ones similar to those that are
usually transferred for the C=N, C-C, C-H,
and C-F stretching force constants. The interac-
tion constants for the C-C stretch with the C-F
stretch or the other C-C stretch are relatively
large. Also, the interaction constants of the C~F
stretch with all of the bending coordinates around
C, atom are quite large. These constants have
about twice the values of the corresponding inter-
action constants found between the C~C stretch-
ing force constants and the similar angles. The
remaining interaction constants are relatively
small. It is expected that these force constants
could be transferred to the corresponding bonds
in similar molecules.

The Raman spectrum for FHC(CN), was calcu-
lated using frequencies and scattering activities
determined from the Gaussian-92 program [7] us-
ing the 6-31G* basis set at the RHF level. Calcu-
lation of the Raman activity using an analytical
gradient method has been developed and this
activity, S, can be expressed as [10]:
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Table 6
The C=N distances for some organonitrile molecules

Molecule Formula C=N distance Technique Reference
1,3-dicyanopropane NCCH,CH,CH,CN 1.161 £ 0.003 ED data®* f11]
1.1-dicyanocyclobutane CH,CH,CH,C(CN), 1.162 + 0.001 ED data [12]
Cyanocyclobutane ¢-C,H,CN 1.156 + 0.003 ED data [13]
Cyanocyclopentane ¢-CsHCN 1.160 £+ 0.002 ED data {14)

4 The C=N distance was assumed to be the same for the anti/gauche and gauche /gauche conformers.

nates. The infrared intensities were then

S; = g(45; + 757)

where g; is the degeneracy of the vibrational mode
J» a; is the derivative of the isotropic polarizability
and f; is that of the anisotropic polarizability.
The absolute differential Raman cross section can
be obtained using the following equation:

?E _ (vo— Vj)4
o — exp( — hev;/kT)

where v, is the exciting frequency, and &, ¢ and k
are universal constants. The relative differential
Raman cross scattering section is (dg;/dQ)/(dg,/
dQ), where do/dQ refers to a chosen reference
band. The calculated spectrum (Fig. 1(B)) is in
reasonable agreement with the experimental one
except for four lines. The CF bend at 604 cm ~' is
nearly four times more intense than the predicted
value and the CC, symmetric stretch at 872 cm !
is about twice the predicted intensity. Also, the
(CN), bends are predicted to be too intense. Nev-
ertheless, it is clear from these data that the
Raman intensities obtained from the ab initio
calculations can be very useful for assigning the
vibrational spectrum.

Infrared intensities were calculated using the
MP2/6-31G* basis set and are based on the dipole
moment derivatives with respect to Cartesian co-
ordinates. The derivatives were taken from the ab
initio calculations and transformed to normal co-
ordinates by

du\ o (di
()2 (&)

where the Q, is the ith normal coordinate, X; is
the jth Cartesian displacement coordinate, and L;
is the transformation matrix between the Carte-
sian displacement coordinates and normal coordi-

(2“71“/45)(1 )(h/8n2cvj)Sj

calculated by

Nrllou N (e \ | [én. )

vl (o) +(56) (%)

The experimental infrared spectra (gas and solid)
for FHC(CN), are included with the calculated
spectra in Fig. 2 for comparative purposes. As
expected, the agreement between the calculated
and experimental infrared spectra is very good
particularly for the spectrum of the gas. There-
fore, these spectra clearly show that calculated
infrared spectra can be useful for analytical pur-
poses and can contribute significantly to spectral
interpretation and assignments.

The calculated structural parameters are listed
in Table 2 from the RHF/6-31G*, MP2/6-31G*,
and MP2/6-311 + + G** calculations. At the
RHF level the C=N bond lengths and the C-F
distance are quite short where as these bonds
from the MP2/6-31G* calculation are too long.
With the larger basis set, MP2/6-311 + + G**,
the C=N distance also appears to still be too
long. In Table 6 the C =N distances (11-14) are
listed for four organonitrile molecules and the
values of the distances for the C = N bond includ-
ing the uncertainties range from 1.153 to 1.164 A
with the mean value of 1.160 A. Therefore, the
predicted value of 1.174 A is probably too long by
at least 0.013 A. The difference in the predicted
angles from the MP2/6-31G* calculations com-
pared to those from the MP2/6-311 + + G** cal-
culations are relatively small except for the
£ FC,C, and « HC,C, which differ by 0.5 de-
grees. Also, the slight deviation from linearity of
the NCC angle is predicted to be nearly the same
from all three calculations differing by 0.2 from
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178.4° from the RHF calculation to 178.6° with
the large basis set at the MP2 level. Therefore, it
should be possible to obtain excellent structural
parameters from an electron diffraction study of
this molecule using a very small constraint on
these CCN parameters as well as most of the
other angles and carbon—carbon distances.

We have utilized the isolated C-H frequency
[15] of 2953 cm ™' to obtain the C-H distance of
1.096 A. This value is in excellent agreement with
the values of 1.095 A obtained from the MP2/
6-31G* calculation and 1.094 A from the MP2/
6-311 + + G**  calculation. Therefore, this
parameter could also be given a very small uncer-
tainty in an electron diffraction determination of
the structural parameters of fluoromalononitrile.
Such a study would be of particular interest to
obtain more exact values of the C=N and C-F
distances as well as obtaining bond angles for
comparison to the predicted values.

There is little difference in the frequencies for
the in-phase and out-of-phase motions of the
C = N stretching modes. Also, these modes do
not seem to be very dependent upon the other
substituents on the carbon atom. For example, in
1,1-dicyanocyclobutane the observed [1] frequency
for both the in-phase and out-of-phase motion is
2250 em ~ ', For the corresponding five-membered
ring [2] the frequency moves up to 2263 cm ~' and
again, there are no differences in frequency of the
in-phase and out-of-phase motions. For fluoro-
malononitrile the in-phase CN stretch is observed
at 2269 cm ' and the out-of-phase motion at
2272 ¢m ! in the infrared spectrum of the vapor.
Similar frequencies are observed in the Raman
spectrum of the liquid. Therefore, the two mo-
tions are only slightly split, i.e. three wavenum-
bers, and shifted by approximately 7 cm ' from
those observed for the corresponding modes for
the three-membered ring. Therefore, the fluorine
atom has not significantly changed the frequency

of the CN stretches, which is a strong indication
that the CN bond distances are not drastically
different in these three different molecules.
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