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The liquid structure of acrylonitrile (propenenitrile) has been investigated using Raman spectroscopy and
density functional theory (DFT) ab initio calculations with the 6-3#1G** basis set. Two different and
complementary experimental approaches were undertakerrRBman spectra of 13 acrylonitrile solutions

in carbon tetrachloride (concentration rarg®.25-12.0 motL 1) were studied in detail including principal
component analysis (PCA) of thetIN stretching band. Furthermore, dispersive Raman spectra of neat
acrylonitrile were obtained at eight different temperatures from 238 up to 343 K. The complex and asymmetric
acrylonitrile Raman &N stretching band can be decomposed into two components attributed to monomeric
and self-associated forms. Ab initio results fully support this assignment and suggest that the self-associated
complex is a nonplanar trimer held together by dipalipole interactions. At ambient temperature, the
composition of acrylonitrile can be expressed as a mixture of 25% monomers and 75% trimers. Close to the
boiling point, trimers still represent 65% of the liquid composition. The corresponding enthalpy of association
was estimated to be22 + 2 kFkmol™.

1. Introduction suggested an equilibrium between both species. Shortly there-
after, Loewenschuss and Yefiihshowed that the secondary
structure of the/(C=N) band seems to be insensitive to dilution

tion2 excess voluméy thermodynamic calculatiodsyuclear ~ 1N inert solvents and to temperature changes; thus, they
magnetic resonande’ mass spectrometf and vibrational concluded that there is no specific equilibrium between different

spectroscopy (infrared and Ram#n8 have confirmed that chemical aggregates. Instead, liquid acetoni_trile Woulo_l have a
intermolecular associations, through dipole/dipole interactions, cluster structure with molecules located in two different
are strong in nitriles. This follows from the electronic structure €nvironments (in the clusters’ periphery and inside the clusters)
of the G=N functional group. On the other hand, numerous giving rise to two separated vibrational signals. On the other
theoretical approaches support the particular stability of nitrile hand, several authors have justified the complex band structure
aggregates consisting of dimers, trimers, and even higherof this acetonitrile fundamental as because of Fermi resonance
molecular cluster$319-27 There are, however, several questions With the combination banes + v4 (CHz deformation and €C
still unresolved. First of all, the possibility of self-association stretching band3j-¢or by the presence of hot band transitions
through a hydrogen bond between the nitrogen lone pair andfrom the first excited state of the degenerate@=N bending
one alpha hydrogen of a neighbor molecule, as several abvs mode3’—3° These problems, inherent in the complex vibra-
initio1>24-26 and mass spectrometrgtudies suggest, has not tional behavior of acetonitrile, could be avoided by using
been spectroscopically studied. Even though it is clear that theacrylonitrile, which is simpler from a spectroscopic point of
main driving force to promote self-association in nitriles must view. Furthermore, because of its low symmetry, it has no
be its strong dipolar character, hydrogen bonding may further degenerate vibrations. The combination of@dformation and
contribute to stabilize the associated system. Moreover, from C—C stretching bandsv and ve in acrylonitrile) appears at
the vibrational point of view, the complete explanation of the 2281.3 cm?, far enough from the(C=N) fundamental (2229.6
asymmetric shape generally observed in the infrared and Ramarem-1), so that it does not enter into resonaftaVe have
C=N stretching band of many nitrilék32is still controversial.  published a series of studies on electrolyte solutions in acry-
In 1973, Griffith$® observed this feature in the Raman spectrum |onjtrile using vibrational spectroscogy;5* and its behavior
of liquid acetonitrile and analyzed the band contour through s similar to that observed in acetonitffeand other nitriles
band-fitting techniques, decomposing it into two components. gch as benzonitrifd54 or propionitriles-57
He attributed these sub-bands to acetonitrile monomers (nar- . . o
. A detailed FF-Raman study of 13 solutions of acrylonitrile
rower component located at higher wavenumbers) and ag-.

gregates (broader component at lower wavenumbers) and" CClyis pres_elnt.ed here with the a.m.] to cIanfy the eX|§tenge
of a true equilibrium between definite chemical species in
* To whom correspondence should be addressed. E-mail: josemaria.alia@n'tr”es- Evolution of the &N stretching band position and

uclm.es. Permanent address: Universidad de Castilla-La Mancha, Dpto.shape is monitored up to concentrations of 0.25 -hidl
p?'Sniversity of California. modeled using density functional theory (DFT) ab initio

* University of Bradford. calculations, with consideration given to dimer and three
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Self-association in nitriles has been well-documented. Mac-
roscopic measurements (dielectric constauliglectric polariza-
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TABLE 1: Characteristics of the Studied Solution$

gACN  gCCL  density [ACN] [CCK  yACN 2t ﬂ
0.0666  7.7038  1.5541 025  10.02 0.024 p
0.1421  7.5500  1.5384 0.54 9.82 0.052
0.2714  7.3093  1.5161 1.02 950  0.097 n
0.5322  6.8275  1.4719 2.01 888 0184  _
0.8020  6.2735  1.4151 3.02 816 0270 5 15F
1.0773 57934  1.3741 4.06 753 0350 &
1.3345 52362  1.3141 5.03 6.81 0425 &
1.6055  4.7090  1.2629 6.05 6.12 0497 2
1.8709  4.1890  1.2198 7.05 545 0564 £
21239  3.6844  1.1617 8.01 4.79 0.626 =
2.4031  3.1382  1.1083 9.06 408 0689 3
2.6516  2.6391  1.0581 9.99 343 0744 3
3.1911 15269  0.9436  12.03 1.99 0.858 §
z

a2 ACN = acrylonitrile. Densities are given in units of #g* and
concentrations are given in mbi%. y = mole fraction.

different trimers. Finally, a dispersive Raman study of neat
acrylonitrile at different temperatures from 238 up to 343 K is
carried out.
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Figure 1. Raman C-H stretching region in neat acrylonitrile (top),
6.0 motL~! (middle), and 1.0 meL-1 (bottom) in CC).

3000 2950

2. Experimental

2.1. Reagents and SolutionsAcrylonitrile and carbon
tetrachloride (Aldrich) of the best available quality were
used as received. IR spectroscopy did not reveal the presence
of any significant amount of water. Thirteen solutions, whose wheren is the number of monomers (2 or 3) considered and
characteristics are given in Table 1, were prepared by weight
and their densities at 20C were measured in a conven- B = Betectronic T Ezre

(i = complex or acrylonitrile)
tional picnometer. Raman spectra were always recorded from (2

freshly prepared solutions filtered through 0&%- Millipore
filters.
2.2. FT-Raman Spectra.FT—Raman spectra were excited

All these calculations were carried out with the Gaussian
03 program packade in the Supercomputation Centre of
the Universidad de Castilla-La Mancha, which uses HP Alpha-

at 1064 nm using an Nd:YAG laser and a Bruker IFS66 optical Server GS80 and Silicon Graphics Origin 2000 workstations.
bench with an FRA 106 Raman accessory. Laser power wasThe Ampac GUI 8 systeffl was the graphic interface that
set at 108-110 mW, and 2000 scans were accumulated with a facilitated the study of the vibrational modes. Statistical
resolution of 2 cm!. The temperature was 28 1 °C. The procedures such as principal component analysis (PCA) and
integral intensities of the CgIRaman bands at 461 and 315 curve fitting were run with the application STATGRAPHIES
cm ! were used as internal standards to normalize the different (5.1) for Windows"!
spectra. 2.4. Dispersive Raman SpectraRaman excitation was ac-
2.3. Computational Details. The starting structure for  complished with a Spectra-Physics 2020/5 argon ion laser oper-
acrylonitrile was taken from the literatu?@ Initial structures ating at 488.0 nm, with a power of 800 mW. The scattered ra-
of planar dimer and trimer (trimer 1) and cyclic trimer (trimer  diation was analyzed using a SPEX 1401 Czerny-Turner 0.85-m
1) were constructed from the optimized structure of acryloni- spectrometer with a spectral slit-width of 4 th Photon-
trile, locating the monomers at similar intermolecular distances counting detection was carried out with an EM1 9787 QA photo-
to those published for acetonitrile complexXés-or the non- multiplier. Acquisition of the data and control of the spectrom-
planar trimer (trimer II), the starting structure was that of eter were accomplished using a Thorn EMI-PET microcomputer.
Katayama et a? Becke’s gradient-corrected exchange func- Calibration was effected using a neon emission spectrum, and
tionaf® in conjunction with the LeeYang—Parr correlation = wavenumbers are correct to within 1 thn For all Raman
functionaf! with three parameters (B3LY®)was used for all spectroscopic measurements, the solutions of interest were held
calculations. The employed basis set (6-8#1G**) seems in an evacuated double-jacketed glass cell. The cell temperature
to be particularly suitable to obtain reliable vibrational was controlled by industrial alcohol circulation (Julabo F40HC
parameter§3-66 All of the DFT-optimized structures were ina  circulatory system) to within 0.5 K over the temperature range
minimum of the potential energy surface as can be inferred from studied, namely, 238343 K. The scans were acquired with a
the absence of negative (imaginary) frequencies. The Born speed of 50 cm! min~! using an accumulation of 10 scans per
Oppenheimer total energies, zero-point vibrational energies spectrum and a spectral density of 2 data points pertcm
(calculated within the harmonic approximation), and the thermal  Dispersive Raman data files and original FT-Raman spectral
enthalpies at 298 K were calculated using the unscaled harmonicdata in OPUS (Bruker) format were converted to JCAMP format
vibrational frequencies. The effect of the basis-set superpositionand were processed with the commercial software GRAMS/32
error (BSSE) was analyzed in the optimized structure of the Al (6.00) (Galactic Industries). This package fits the peaks using
complexes by the standard counterpoise mefié#iAs usual, mixed GaussianlLorentzian linear combinations

the complex binding energy is defined as
f(v) = (1 — M)-(Gauss)}+ M-(Lorentz) 3)

AE= [Ecomplex_ n(Eacronnitrile)] + Egsse (1)

whereM is the fraction of Lorentzian shape.
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Figure 2. Four Raman spectral regions in neat acrylonitrile (full line) and 1.0-lmél(dotted line) in CCJ.

3. Results and Discussion bands shift slightly toward lower wavenumbers except # C

3.1. FT-Raman SpectroscopyAs was previously mentioned, N stretching where the behavior is the oppo_site. Fig_ure 3 shows
the possibility of hydrogen bonding between the nitrile nitrogen 1€ Wavenumbers of the corresponding maxima against the mole
lone pair and one alpha hydrogen of a vicinal molecule could fraction of acrylonitrile. The observed red-shifts vary between
justify the well-documented self-association of nitriles. Figure —1-2 cnT* for the C-C stretch and-6.4 cnv* for the C-C=
1 shows the Raman-€H stretching region in three samples: N out-of-plane b.enijg mode. The remammg.wbratlons are
neat acrylonitrile and 6.0 and 1.0 M solutions in GQlhe lack ~ &ffected by the dilution in the same way. Specifically, only the
of any spectral change in wavenumber and bandwidth allows C=N stretching is blue-shifted by-2.2 cnT™. Similar trends
one to rule out this kind of molecular interaction in the case of have been reported in other nitrilésuch as acetonitrile and
acrylonitrile. Indeed, band maxima maintain their frequencies benzonitrile dissolved in carbon tetrachloridé? benzené!
despite the dilution and there is no band broadening, which areDMF, and DMSO* However, these band shifts are not
two sine qua non factors to spectroscopically confirm the accompanied by changes in bandwidth with the exception of
presence of hydrogen bondifg,’* proper (conventional) or  the most diluted solutions at concentrations of 0.25 and 0.50
improper (blue-shiftingy® mol-L L. In those solutions, narrowing is observed in theC

Figure 2 shows the main spectral modifications observed in stretching region, in agreement with previous rep¥tigure
the acrylonitrile fundamentals when it dissolves in £dlhe 2 also illustrates that(C=N) band is asymmetric, favoring
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a 20 3.00 TABLE 2: Results of the Principal Component Analysis:
3 2232.6 e’ 22307 cm” 1 Eigenvalues (EV), Explained Variance (%), and Successive
18 F \,‘ 4250 Eigenvalues Quotient, E\(H_l)/EV(i)
component explained cumulative
16 4 2.00 no. eigenvalue variance (%) (%) EVi+1/EV)
1 1.27258-01 97.887 97.887 46.84
14 1 1.50 2 2.7165E-01 2.090 99.977 114.63
e 3 2.3699E-03 0.018 99.995 4.79
- 12 | ' 1100 & 4 4.9518E-04 0.004 99.999 7.52
E ok E 5 6.5848E-05 0.001 99.999 1.54
g 0l 1050 E 6 4.2685E-05 0.000 100.000 1.13
2 ’ = 7 3.7757E-05 0.000 100.000 8.30
g ~T, g 8 4.5463E-06 0.000 100.000 1.80
S g 000 © 9 2.5298E-06 0.000 100.000 3.40
10 7.4334E-07 0.000 100.000 1.12
6 1 -0.50 11 6.6088E-07 0.000 100.000 1.79
Component 1 || 12 3.6914E-07 0.000 100.000 2.34
O N R O Component2 ||, ;o 13 1.5766E-07 0.000 100.000
vl less, there appears to be no evidence in the literature attempting
2 $ 1% to quantify the probable aggregation equilibrium with the
o 500 exception of a report from Perelygin et®lregarding aceto-

nitrile dissolved in carbon tetrachloride. Band-component fitting
is readily achieved when the different components are suf-
Raman shift (cm™) ficiently separated to produce well-differentiated signals. How-
ever, when components are so overlapped that asymmetry occurs

2300 2280 2260 2240 2220 2200 2180 2160

b 0272 07 in a band, the task is not so obvious, as in the present case.
0.6 Thus, some preliminary objective information is advisable to
0.270 :° e ® o avoid any a priori or arbitrary presumption.
. LS o 05 To gain some information about the number of components
0268 F©° ° . and its correspor]dlng wavenumbers, a sta‘usuca} PC_A was
B! ° 0.4 undertaken. PCA is a useful tool that allows one to identify the
number of components in a complex envelope B&rd and
_, 0266 L © 0.3 - has proven to be successful in the analysis of complicated
= 3 = vibrational band47:8487 The statistical analysis was done for
% 0264 [ o 02 E spectra of acrylonitrile solutions in CClat 13 different
g Tt ® Component1/ 3 o £ concentrations (see Tak_)le 1), with 146 experimental intensity
S _ ° © Component 2 S points per spectrum. This corresponds to the 242867 cnt?!
0262 [ ® o 0 Raman spectral region where thgC=N) band appears. Thus,
b a matrix of 13x 84 was computed and its 13 eigenvalues are
I o . . I . g
0260 | ° 0.1 given in Tabl_e 2 The number of statlst|call_y significant
b ° 5 eigenvalues will give the number of components in the complex
_ ° 5 -02 band. There are several methods to obtain this nuffBthat
0.258 o usually imply the previous knowledge of the exact error in the
re 03 experimental data. However, it is easier and more practical to
oose L 0 04 caIcn_JIate the quotients between two successive eigenvalues,
0.0 02 0.4 0.6 0.8 1.0 that is,
Acrylonitrile molar fraction . EV(i+1)
Figure 3. Results of the principal component analysis (PCA) in the quotient= EV 4)
v(C=N) Raman spectral region of acrylonitrile dissolved in €C&) 0}
Significant principal components. (b) Components weight against the . . .
corresponding molar fractions of acrylonitrile. and consider only those eigenvalues whose quotients are

different from the res# In this case (see Table 2), this implies

lower frequencies. The asymmetry of this band is characteristic that only two components explain the complex band. The
of several nitrile§’:1828.30.77and, in the case of acrylonitrile,  corresponding eigenvectors are represented in Figure 3a. The
seems to remain even in Ar matrixes at 1Z’K/arious other chemical meaning of these eigenvectors, which are linear
possible explanations exist for justifying this characteristic combinations of the experimental spectra multiplied by their
asymmetry, such as the presence of hot bands in the vibrationakorresponding weights, is quite simple. The first component
spectrum of acetonitrilé’-3° The cluster structure of liquid  reproduces an averaged experimental spectrum, while the second
nitriles should permit single molecules to be in two different one represents the averaged effect of the perturbing agent (in
environments, periphery and interior of the cluster, and thus this case, the presence of Gbver the spectra. The CLI
results in two separated vibrational sign#iddowever, it is promotes the raising of spectral intensity in the higher wave-
generally accepté#l?.28:33.53.7¢hat the asymmetry could arise  number side (maximum: 2232.6 cA) and the corresponding
from the simultaneous presence of monomers and higherdecrease in the lower wavenumber side (minimum: 2227.8
aggregates. Furthermore, as we have previously rep&itad, cm™1). The calculated weights for the different samples are also
simultaneous presence of both hot bands and new bandsplotted in Figure 3b. Note how the weights corresponding to
attributable to associated acetonitrile is also possible. Neverthe-the first eigenvector, principal component 1, change moderately
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a F of two components, separated by an average of 1.9'@nd
0.065 located close to 2232 and 2230 ciThese should correspond

i to the free (monomer) and associated (oligomer) acrylonitrile.

Clearly, the concentration of the free form must increase with

the dilution in CC}.

With these initial calculations, band-fitting was undertaken
in the same spectral portion (2162300 cnt?) in which the
PCA was done. The results are shown in Figure 4 and Table 3.
During the band-fitting procedure, no parameters (band position,
full width at half-height or Lorentzian character) were fixed,
allowing the program to find the most appropriate set to reach
convergence in its search for the two bands. As shown in Table
3, the band attributed to free (monomer) acrylonitrile is narrower
than the one corresponding to the associated (oligomer) acry-
lonitrile. Furthermore, its shape is more Gaussian and corre-
sponds to a chemical species with lower vibrational relaxation
times than the associated acrylonitéf&288The narrowing of
the G=N stretching band when a nitrile is dissolved in ¢CI
has been previously documented in several cHsEBis could
-0.005 be explained as a direct structure-breaking effect of the solvent

2070 2260 2250 2240 2230 2220 2210 2200 2190 over the nitrile self-associated structure. The splitting between
the calculated components is 2.#30.15 cnt?, which is in
excellent agreement with the PCA result which predicts a
b 325 separation of 1.9 cnt. Once the relative intensities (areas) of

i both species have been obtained, the corresponding Raman
molar intensity coefficientsJj can be computed. For this
275 b purpose, the method proposed by Shurvell and co-wotkers
[ is used, which has been applied to different electrolyte and
I organic acid solutions in nonaqueous solvéhf8:% In this
225 method, Ct is the total molar concentration of acrylonitrile
(ACN) in CCls, Cr is the molar concentration of the free

0.055 |
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0.035 |

Intensity (a.u.)

0.025 |

0.015 |

0.005 |

Raman shift (cm™)

) (monomer), andC, is the molar concentration of the associated
& 157 (oligomer)
£
2 I =C.+C 5
ot Cr=Cp+ Gy 5)
. For each species, the intensity/concentration relationship must
i hold
075
li=3C (6)
025 | . . L
L wherel; are the integrated band intensitidgs the molar Raman
a scattering factors, an@; is the molar concentration of each
025 Lot species. Combining egs 5 and 6
2270 2260 2250 2240 2230 2220 2210 2200 2190 | |
F, 'a
Raman shift (cm™) Ci=++ 7
NS

Figure 4. Results (experimental spectrum, fitted spectrum, components,

and residual) of the band-fitting procedure in th&€=N) complex .

band. (a) Ac)rylonitrile, 0.25 melgll_fi in CCly. (b) lz(eat agrylonipt)rile. and eq 7 can then be rearranged to yield

Points: experimental spectrum.
[s dale

(range: 0.26580.2803), but those corresponding to the second C, A JC ®)

eigenvector, principal component 2, vary considerably, with

values that decrease when the acrylonitrile concentration A plot of 1a/Cr against /Cr should give a straight line with

increases. This implies that the effect of the perturbing agent is an intercept equal td, and a slope equal te-Ja/Jr. Such a

a direct function of its relative concentration. Thus, the effect plot is shown in Figure 5. From the intercept and the slope, it

of the dilution in carbon tetrachloride is to promote the presence was found thatla, = 3.2713+ 0.0573 andJr = 2.0945+

of the species whosgC=N) Raman band is located at higher 0.1425. The Raman molar scattering coefficient significantly

wavenumbers. As will be demonstrated later via ab initio decreases in the monomeric form of acrylonitrile (36%). The

calculations, this species is the acrylonitrile monomer. Further- same appears to occur with the infrared molar absorption

more, the split between thglC=N) Raman bands from the coefficient, which decreases on average when nitriles are

monomer and the associated acrylonitrile must be in the vicinity dissolved in nonpolar aprotic solverdfs.Once the molar

of 1.9 cnt ! which is the difference between the wavenumbers scattering coefficients have been obtained, the corresponding

corresponding to both maxima, as can be observed in Figuremolar concentrations of free (monomer) and associated (oligo-

3b. Thus, band-fitting procedures must demonstrate the presencener) ACN can be calculated. Table 4 shows the numerical
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TABLE 3: Pure Acrylonitrile and Acrylonitrile Solutions in CCl 4, Band-Fitting Results in the C=N Stretching Raman Band

Contour?
free nitrile associated nitrile
[ACN] center fwhh Lorentz (%) area center fwhh Lorentz (%) area
0.25 2232.0 5.15 19.6 0.2559 2229.9 10.96 61.1 0.4060
0.54 2231.8 5.33 23.3 0.5788 2229.5 11.40 65.1 0.8843
1.02 22315 5.24 21.4 0.9793 2229.2 11.80 62.6 1.7586
2.01 2231.2 5.15 22.3 1.7627 2228.9 11.64 63.4 3.8327
3.02 2231.0 511 22.0 2.4725 2228.7 11.42 63.9 6.0406
4.06 2231.0 5.08 22.9 3.1082 2228.8 11.18 63.7 8.4038
5.03 2230.8 5.03 23.7 3.6276 2228.6 11.04 66.0 10.7108
6.05 2230.7 4.99 25.6 4.2510 2228.5 10.93 67.0 13.4341
7.05 2230.6 4.99 25.0 4.7882 2228.5 10.89 67.3 15.7492
8.01 2230.6 4.96 26.3 5.1665 2228.5 10.80 68.5 17.8972
9.06 2230.5 4.98 26.9 5.7451 2228.5 10.46 68.7 20.8211
9.99 2230.4 4.94 26.6 6.1792 2228.5 10.38 69.9 23.5638
12.03 2230.4 4.86 29.8 6.9565 2228.5 10.28 73.0 28.7318
14.93 (neat) 2230.3 4.76 33.7 7.7772 2228.4 10.11 77.2 35.5628
2[ACN] in units of molL~%; centers and full width at half-height (fwhh), cf areas, arbitrary units cm.
0.80
1,4/Cy=-1.562(1/C;)+3.2713 I | ® Oligomer 9
L R*=0.9739 oM
2.5 0.70 - onomer e e ®
- [ ]
g .
=
2 0.60 - *
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S
~ 2 *
S < 050 |88
~ 0| g °
g
< 040 | °
° o]
0.30 ° o
1.5 L . 0.20 . L . T
0.4 0.6 0.8 1.2 0.00 0.40 0.60 0.80 1.00
Iz/ICr Mole fraction of acrylonitrile

Figure 5. Shurvell and co-workers’ pl&t >’ corresponding to the
solutions of acrylonitrile in CGl

TABLE 4: Calculated Molar Concentrations and Mole
Fractions of Free (Monomer) and Associated (Oligomer)
Acrylonitrile in CCl 4 Solutions

Cr Ca calculatedCr  nominalCy XAF xA

0.12 0.12 0.25 0.25 0.4960 0.5040
0.28 0.27 0.55 0.54 0.5055 0.4945
0.47 0.54 1.01 1.02 0.4652 0.5348
0.84 1.17 2.01 2.01 0.4180 0.5820
1.18 1.85 3.03 3.02 0.3900 0.6100
1.48 2.57 4.05 4.06 0.3661 0.6339
1.73 3.27 5.01 5.03 0.3460 0.6540
2.03 411 6.14 6.05 0.3308 0.6692
2.29 4.81 7.10 7.05 0.3220 0.6780
2.47 5.47 7.94 8.01 0.3108 0.6892
2.74 6.36 9.11 9.06 0.3012 0.6988
2.95 7.20 10.15 9.99 0.2906  0.7094
3.32 8.78 12.10 12.03 0.2744  0.7256
3.71 10.87 14.58 14.93 0.2546  0.7454

Figure 6. Calculated mole fractions of free (monomer) and associated
(oligomer) acrylonitrile against the mole fraction of acrylonitrile in €ClI

data presented in Figure 6 are obtained. It is important to
emphasize that in neat acrylonitrile, the mole fraction of free
(monomer) molecules should be approximately 0.25, in good
agreement with values previously calculdtedestimatetiusing
nonspectroscopic measurements. Until now, the associated form
of acrylonitrile has been designated as an oligomer, without any
presumption about its stoichiometry or structure. This occurs
because Raman spectroscopy fails to provide this information
in the studied range of wavenumbers X 100 cnT?). Thus,

the corresponding constant for the self-association equilibrium
cannot be computed. To account for the presence of self-
associated forms of acrylonitrile in liquid state and to discuss
their structure on the basis of their vibrational spectra, we have
carried out ab initio quantum calculations. Those results are
presented and discussed in the next section.

3.2. Ab Initio Calculations. Optimized structures of acry-
lonitrile dimer, planar trimer (trimer 1), nonplanar trimer (trimer

results of these calculations. The differences between thell), and cyclic trimer (trimer Ill) are given in Figure 7. As in
calculated total ACN concentration and the nominal concentra- other reported nitriles, the planar trimer is simply a dimer in
tion of the solvent are within the experimental error (mean which a third monomer molecule is added in an antiparallel
quadratic errore= 0.1096). When molar concentration data are manner324°1Trimer Il has a considerably different configu-
converted to mole fractions for both acrylonitrile species, the ration in which two parallel molecules simultaneously coordinate
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Figure 7. DFT optimized structure of acrylonitrile aggregates (a) dimer, (b) trimer I, (c) trimer Il, and (d) trimer Ill. Level of theory: B3LYP/
6-311++G**. Distances (in pm) represent closest approaches, not hydrogen bond lengths.

TABLE 5: Optimized Structural Parameters, Calculated Dipole Moments, and AE (kJ mol~1) of the Studied Acrylonitrile
Species at the B3LYP/6-31%+G** Level of Theoryd

parameter experimental experimental monomer dimer trimer | trimer Il trimer 111
Cc=C 133.9 134.3 133.5 133.5 133.6 133.5 133.6
Cc-C 142.6 143.8 142.8 142.8 142.8 142.7 142.8
C=N 116.4 116.7 115.6 115.6 115.6 115.6 115.6
CH (in CH,) 108.6 111.4 108.3 108.3 108.4 108.3 108.4
CH (in=CH) 108.5 108.6 108.6 108.4 108.7
fJccc 122.6 121.7 123.1 122.9 122.6 122.6 122.5
JHCC 121.7 119.7 115.6 114.8 114.8 115.3 115.4
OJCCN 178.2 178.7 177.8 178.0 1775 178.3
u (D) 3.92+ 0.07 4.05 0.0028 3.90 3.80 0.1532
AE —12.65 —24.46 —16.68 —-31.12
MP2 AE —17.53 —31.86 —21.62 —38.64

aReference 922 Reference 58: Reference 93¢ Lengths (pm) and angles (deg) in trimers | and |l are those corresponding to the central molecule.

the central antiparallel monomer, which lies in a different plane. C=N). The calculated €H bond lengths are not comparable
Very close trimer structures have been recently reported by with experimental data because in both studies, only the
Katayama et at? in acetonitrile, propionitrile, acrylonitrile, and  averaged €H distances are given. Furthermore, these seem
benzonitrile in the liquid-phase using X-ray diffraction with to be overestimated in earlier wotk.The main discrepancy
CCD detection. Table 5 shows the calculated bond lengths andarises from the &CH angle that is systematically underesti-
angles for the acrylonitrile molecule in both isolated form and mated for all the studied conformations. One interesting
as part of the different oligomers (dimer and trimerslll) conclusion that can be obtained from the data presented in Table
considered here. Experimental data from gaseous®%tdte 5 is that monomer geometry does not change substantially when
indicate that optimized monomer structure does not differ by it is part of a more complex supramolecular structure (dimer or
more thart=1% in the principal bond lengths €€C, C—-C, and trimer). This observation, in complete agreement with those
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TABLE 6: Optimized Intermolecular Distances and Angles in Acrylonitrile Dimer and Trimers at the B3LYP/6-311++G**
Level of Theory?

dimer trimer | trimer Il trimer 111

parameter value parameter value parameter value parameter value
Cs-+Cyo 348.0 G-+-Cio 351.2 G-++Cyo 550.0 G-+Cyo 466.5
Ng=+-H1a 265.4 G:+-Cy7 405.3 G-+-Cy7 358.3 G--Cy7 466.9
NigeeeH7 265.4 Npyee+Hag 266.9 Npe++Ho1 326.9 Np++Hop 237.4
OC3N4H14 115.7 \RE] o P 248.5 NiseeHz1 326.6 Nise-H7 237.5
D010N11H7 115.7 N_l'"H7 268.1 N_g"'H7 263.1 N_s"'H14 237.4
OC3N4Cio 78.6 Nig--Hs 247.8 Ng-Hia 263.3

OC3N4H14 114.5 OC3N4H21 109.5 OCsN4H21 143.3

|:|C3N4H20 131.2 D010N11H21 109.6 DC10N11H7 142.9

OCioN1aH7 114.4 OCi7N1gH7 114.4 OC17N1gH14 142.9

[0C17N1gHe 132.4 OC17N1gH14 114.5

OC3N4Cao 78.0 OC3N4Cio 80.5

[OC3N4Cy7 77.2 OC3N4Cy7 75.8

aLengths are in pm and angles are in degrees. Atomic subindexes are those of Figure 7.

TABLE 7: Calculated Vibrational Wavenumbers (cm~1) for Acrylonitrile at the B3LYP/6-311 ++G** Level of Theory and
Percentage Differences with the Experimental IR Gas-Phase Spectra

normal mode symmetry calculated obseifed difference (%) approximate description
21 A’ 3245 3125 3.8 (EH) asym. stretching cKH
2 3169 3078 3.0 (€H) stretching of G-H
V3 3152 3042 3.6 (€H) sym. stretching of CH
V4 2333 2239 4.2 (&N) stretching
Vs 1672 1615 35 (&C) stretching
Ve 1445 1416 2.0 (Ch) deformation
V7 1319 1282 2.9 (€H) rocking
Vg 1110 1096 1.3 (Ch) rocking
Vo 882 869 1.5 (&C) stretching
V1o 582 N.O. (C=C—C) bending
Vi1 239 229 4.3 in-plane (EC=N) bending
V12 A" 1005 972 3.4 (&H) wagging
V13 990 954 3.8 (CH) wagging
Vig 712 683 4.3 (€&C) torsion
V15 350 333 5.0 out-of-plane (€C=N) bending

aReference 40° Reference 10X N.O. = not observed.

previously reported for acetonitrif§,23.2426.9%5uggests that the  monomers is the distance between two antiparakeNdbonds
intramolecular interactions present in acrylonitrile oligomers are (Cs:-+Cyo distance) and lies in the range 34858 pm. This
of a nondirectional nature. figure agrees very well with those obtained for acetonitrile
The calculated dipole moments are very close to the dimers using various theoretical levéfg*21all of which are
experimental value observed for the monomer, except for the close to 350 pm. On the other hand, ¥ distances range from
centrosymmetric dimer and trimer (trimer Ill). They raise again 237 to 327 pm, with &N---H angles far from linearity. This
the controversial question (see ref 62 and references therein)implies that the presence of hydrogen bonds must be discarded,
of the formation of dimers or higher centrosymmetric aggregates as was previously discussed in the Raman spectroscopy section.
in nitriles. Indeed, it is difficult to understand how acrylonitrile, Furthermore, if any significant H-bonding would contribute to
a liquid of moderately high dielectric constanrt £ 33.0)?3 the stabilization of the oligomer structure, then the calculated
could permit an equilibrium between two different molecular C>—H bond distances should increase from the corresponding
forms, one of which has a dipole moment near zero. The sameone of the monomer. Likewise, as previously repoffe@=N
guestion applies to other nitriles with higher dielectric constants bond lengths should decrease. As shown in Table 2, no such
(e.g., acetonitrile) where the centrosymmetric dimer form has findings are made.
no dipole moment. Table 7 gives the predicted vibrational spectrum for acry-
BSSE-corrected energy minima corresponding to the different lonitrile in the gaseous state. The average error of the wave-
acrylonitrile oligomers indicate that the cyclic trimer (trimer numbers is 3.33 1.10%, which further supports the ability of
[ll) seems to be the most stable structure, although dimer is DFT/B3LYP combined with the 6-3H+G** basis set to
also more stable than trimers | and Il if we consider the inter- calculate well-fitted vibrational spectP4.°° In addition to the
action energy per molecule. These results are consistent withnear absence of geometrical changes when the monomer
those reported for acetonitrité>*To have a better knowledge  oligomerizes, the calculated vibrational spectra from dimer and
about the interaction energies, MP2 optimizations were under- trimers (Table 8) are very close to that obtained for the monomer
taken for all the acrylonitrile oligomers. As can be observed in with two main exceptions: the fundamentals with participation
Table 5, MP2 energies are consistently larger than those of the nitrile group ¢4, v11, v15) and CG-H wagging mode1(i,).
calculated using DFT but the general picture does not changeAs the changes corresponding to theI stretching vibration
and the relative order is the same in both series of calculations.(v,) are quite small, we recalculate the results (structure and
Table 6 summarizes intermolecular distances and angles inspectra) corresponding to the dimer but correcting for BSSE.
the oligomers of interest. The closest approach betweenThe BSSE-corrected frequencies are 2328.1 and 232872, cm
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TABLE 8: Calculated Vibrational Wavenumbers (cm~—1) for
Gas-Phase Acrylonitrile Species at the B3LYP/6-3H+G**
Level of Theory

normal mode monomer dinfer trimer I° trimer II° trimer l11¢
Vi 3245 3243 3240 3245 3241
V2 3169 3170 3170 3186 3156
V3 3152 3151 3142 3152 3149
Va 2333 2328 2322 2329 2328
Vs 1672 1673 1668 1673 1672
Ve 1445 1445 1452 1444 1447
V7 1319 1318 1321 1321 1332
Vg 1110 1114 1119 1112 1117
Vo 882 881 883 882 881
V10 582 582 590 586 587
Vi 239 241 251 244 246
V12 1005 1022 1031 1000 1040
Vi3 990 989 1019 989 992
V14 712 719 722 713 724
Vis 350 358 372 357 365

aMean of the two fundamentals arising from both monomeBata
from the central acrylonitrile monomerMean of the three monomers.
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Figure 8. »(C=N) Raman spectral region of acrylonitrile at two
different temperatures.

virtually identical to those previously obtained. These results
are qualitatively fitted with the reported spectral changes if the
acrylonitrile in CC} dilution process has a change from
oligomeric to monomeric forms. Indeed, ab initio computations
predict that all normal modes with the exceptioniafmust
move toward lower wavenumbers in going from self-associated
to free acrylonitrile. This result is consistent with previous ab
initio computation¥’” and it is exactly what we have found
experimentally by dissolving acrylonitrile in C£{see Figure

2). Furthermore, the prediction that th@C=N) band must shift
toward lower wavenumbers betweet and—11 cnt! (dimer
and trimer |, respectively) is in quantitative agreement with the
band-fitting results. Another important point is the predicted
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Figure 9. Results (experimental spectrum, fitted spectrum, components,
and residual) of the band-fitting procedure in th&€=N) complex
band. (a) Neat acrylonitrile at 343 K. (b) Neat acrylonitrile at 238 K.
In the lower temperature, only one component is needed to fit the
experimental data. Points: experimental spectrum.

On the other hand, the effect of self-association over the IR
molar absorption coefficients also explains the observed increase
in the v(C=N) IR band intensity from the vapor to the liquid
statel®101Calculated changes in the Raman intensities are more
informative and allow one to discard the planar trimer (trimer

I) as a possible structure in the liquid state. This is because the
Raman intensity should decrease in the self-associated species,

change in the Raman (and infrared) band intensities. The while experimental data demonstrate the opposite. Our experi-

computations predict important changes in the IR intensities,

mentally calculated molar Raman scattering factdjsdem-

always increasing from monomer to self-associated species. Thisonstrate an intensity increase of approximately 56% from the

is in qualitative agreement with previous restifs:16.104yhich
report significant decreases in the IR molar absorption coef-
ficients when nitriles are dissolved in nonpolar aprotic solvents.

monomer to oligomer(C=N) band. This is approximately an
average of the calculated values for dimer and trimer Il. To
decide between these two structures for self-associated acry-



802 J. Phys. Chem. A, Vol. 111, No. 5, 2007 Alia et al.

TABLE 9: Band-Fitting Results in the C=N Stretching form. Furthermore, such behavior is as expected for an

Raman Band Contour of Acrylonitrile at Different exothermic equilibrium, in agreement with the ab initio com-

Temperatures’ putations (see Table 5) and previous experimental macroscopic
monomer trimer resultst4 PCA carried out for Raman spectra at eight different

T(K) center fwhh Lorentz (%) center fwhh Lorentz (%) temperatures from 238 to 343 K in steps of 15 K gives the
343 22313 576 187 22290 11.24 752 same result obtained previously from changing the acrylonitrile

328 2230.8 512 19.4 22287 10.76 68.6 concentration in CGl The disturbing factor (temperature)
313 2230.7 5.16 17.9 2228.9 10.17 67.7 promotes the presence of the component located at higher
298 2230.2 5.12 21.4 2228.7 10.35 64.0 wavenumbers (monomer). The corresponding band-fitting pro-
283 22300 5.03 20.8 2228.6 10.19 70.4 cedure is shown in Figure 9. Table 9 gives the corresponding
238 22285 7.41 67.2 numerical results. For the lowest temperature studied, N C
aUnits: center and full width at half-height (fwhh), cfh stretching Raman band becomes completely symmetric, thus

requiring only one component for the fit. Taking into account
the temperature range over which acrylonitrile remains in liquid

03T state (from 189.7 to 350.5 K¥,the thermodynamic stability of
In(Q) = 2562(208)/T - 10.13(0.67) the self-associated species is evident. Close to the boiling point
R%=0.9806 (343 K), the mole fraction of the trimer was 0.65. After the
-1.0 intensity ratios of both components have been obtained from
the band-fitting procedure, the corresponding concentrations can
be computed using the previously calculated Raman molar
s intensity coefficients. From eq 8
= I Jdale
- SN ®)
A Fla
20 F
but
J
S =Ca (10)
Ia
qo 7 Substituting in eq 9
2.7E-03 29E-03 3.1E-03 3.3E-03 3.5E-03 3.7E-03 3.1
Cr _ A 'F
In(Q) c.= 1+J—|— (12)
Figure 10. Arrhenius’ plot for the calculated equilibrium constants A FA
assuming the stoichiometry 3 monorsertrimer. In brackets, standard . )
errors. Then, the concentration quotients
lonitrile in the liquid phase, other factors must be considered. [trimer]
Dannhauser and Flueckingatiscussed the dipole moment of = (12)
the centrosymmetric dimer, which is very close to zero, and [monomerf

the contradiction of an apolar structure in a quite polar liquid.
In our opinion, acrylonitrile self-associates through a structure
similar to trimer Il. In addition to the reported X-ray diffraction
structure of liquid acrylonitrilé? which fully supports this
conclusion, very stable acrylonitrile trimers have been identi-
fied as anions (i.e., solvating one electron) by mass spectrom-
etry? Also, we have experimentally obtained a solvation num-
ber of three for lithium ion dissolved in acrylonitrile with
different counteranions such as trifldfeperchlorate’? and
tetrafluoroboraté?

3.3. Acryonitrile Raman Spectra at Different Tempera-
tures. The main reason that Loewenschuss and Y&langued
in favor of discarding the chemical equilibrium between Liquid structure of acrylonitrile can be described as an
monomer and higher aggregates in liquid acetonitrile was the equilibrium between monomers and higher aggregates. These
apparent absence of noticeable changes in &8l Gtretching are probably nonplanar trimers whose structure is maintained
Raman band shape or position because of temperature changethrough dipole-dipole interactions rather than by hydrogen
As Figure 8 demonstrates, the situation in acrylonitrile is rather bonding. At ambient temperature, the composition of acrylo-
different. At 238 K, ther(C=N) Raman band in acrylonitrile  nitrile is 25% monomers and 75% trimers. Close to the boiling
has a very symmetric shape that becomes asymmetric towardooint, trimers still represent 65% of the liquid composition. The
the lower wavenumbers and slightly upshifts when the temper- self-association equilibrium is sensitive to both changes in
ature is increased to 343 K. Thus, the effect of the temperatureconcentration and temperature. Progressive dilution in &l
over the structure of the liquid seems to be parallel to that increasing temperature promote the presence of monomeric
observed with the dilution in C@l increasing temperature and  acrylonitrile. On the other hand, only the associated species can
increasing dilution both raise the presence of the monomeric be observed at 238 K.

are immediately obtained at the different temperatures. The
Arrhenius plot is given in Figure 10. Only the spectra of the
five higher temperatures were computed because of the very
low concentration of monomer in the samples at 268 and 253
K. From the fitted line AHassociatior= —22 £ 2 kImol~1. This
result agrees fairly well with that obtained from ab initio
calculations for the gas-phase equilibriutyHzssociatior— —13.70
kJmol™?), further demonstrating the thermodynamic stability
of the self-associated species.

4. Conclusions
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The obtained experimental results agree both qualitatively

J. Phys. Chem. A, Vol. 111, No. 5, 200303

(44) Alia, J. M.; Daz de Mera, Y.; Edwards, H. G. M.; GascIF. J.;

and quantitatively with those computed ab initio at the B3LYP/ Lawson, E. EZ. Phys. Chem. (Munict)996 196, 209.

6-311++G** theoretical level. The enthalpy of association has
been estimated as22 + 2 kFmol~1, which indicates that the
acrylonitrile trimer form is a stable chemical entity.
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