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I. INTRODUCTION

Since the beginning of polymer science and technology,
vibrational spectroscopic techniques played a significant role 
in the characterization of the structural properties of polymeric 
materials, both in pure and applied research.1−3 Materials 
science shows that macroscopic properties are often intimately 
related to the structure of the material and it is in the structural 
properties that the understanding of the final response of the 
system must be looked for. This perspective is further required 
when, as in the case of polymeric materials, the copresence of 
amorphous and crystalline domains and/or the existence of 
different polymorphs and/or different morphologies affect the 
macroscopic properties, implying, for example, a different 
tensile response, Young modulus, or thermal behavior. In this 
context, Nylon-6 (NY6) is a very meaningful case, due to the 
coexistence of two main polymorphs, the α and γ phases, where 
structure−property relationships are particularly evident.4 

Moreover, these features gain further importance also in 
connection with the new and promising applications of this 
polymer, for example, as electrospun nanofibers5−10 or in 
nanocomposites.11,12 In addition to X-ray diffraction techni-
ques, infrared spectroscopy has been widely adopted to 
characterize NY6 polymorphs,13−24 and in a recent paper,25 

we revised in detail the assignments and the interpretation of 
the IR spectra by adopting state-of-the-art density functional 
theory (DFT) calculations. Raman spectroscopy is a comple-
mentary technique with respect to IR spectroscopy, possessing 
the further advantage of being a nondestructive technique 
suitable for in situ measurements and without the need of 
sample preparation. However, some technical difficulties, such 
as, for example, the less standard and more complicated

experimental setup or the problem of sample fluorescence often
occurring for commercial polymer samples, prevented its
employment in a more technology-oriented environment and
limited its application also in fundamental research. Indeed, also
in the case of NY6, papers dealing with Raman spectroscopy
are much less in number26−32 with respect to other
characterization techniques. However, thanks to the recent
improvements in the instrumentation, the context rapidly
changed in the past decade, increasing the popularity and the
employment of this technique for advanced application in
polymer science, as also demonstrated by the present case of
NY6.28−31 Parallel to the experimental investigation and thanks
to the advancements in both the computational facilities and
available software, molecular modeling has recently become a
fundamental tool to support the interpretation of the
spectroscopic measurements of polymeric materials25,33−51

and it is rapidly becoming a tool also for the screening and
even design of new interesting systems. In this paper, we
employ the recently released version of CRYSTAL1452,53 code
to compute the Raman spectra of NY6 polymorphs. On one
hand, our main aim is that of giving a comprehensive
spectroscopic characterization of NY6 polymorphs by predict-
ing for the first time their Raman spectra by means of quantum
chemical techniques and comparing them with the available
experimental data. Due to the interplay between several
intramolecular and intermolecular effects (hydrogen bonding
and van der Waals packing interactions), this is an ideal case to
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test the accuracy of theory in describing these structural 
phenomena and their effect on the final spectroscopic response. 
Moreover, we want to assess the general application of state-of-
the-art computational tools for the prediction of polarized 
Raman spectra of single crystal polymers by using NY6 as a test 
case. The possibility to predict with good accuracy polarized 
spectra of a crystal characterized by a given orientation could be 
of great help for the interpretation of experimental polarized 
Raman spectra taken for an oriented sample, e.g., for the 
assessment of the degree and kind of polymer orientation in 
real anisotropic samples, as, for instance, stretch oriented 
polymer samples, polymer fibers, etc.

II. COMPUTATIONAL DETAILS
Raman spectra of the α and γ forms of NY6 have been 
computed in the framework of DFT by using periodic 
boundary conditions and employing the CRYSTAL14 soft-
ware.52−55 In recent years, this software proved to be very 
effective in the prediction of the structure and IR spectra of 
crystalline polymers, as reported in different papers.44−51 The 
previous version of this code has been adopted in a recent 
paper25 to fully optimize the crystal structure of NY6 
polymorphs and to calculate their IR spectra. In that work, 
the B3LYP56,57 hybrid exchange-correlation functional has been 
adopted together with 6-31G(d,p) basis set and introducing 
Grimme’s correction for dispersion interactions.58−60 Even if 
this correction is of semiempirical nature and does not take into 
account many body effects,61−63 it was revealed to be accurate 
enough for a very reliable description of the energetic, 
structural, and spectroscopic properties of molecular crystals. 
In the present investigation, we adopted the combination 
(B3LYP-D/6-31G(d,p)) to predict the Raman response, 
starting from the optimized geometries determined in ref 25, 
to which we refer for further details and structural data. In 
Figure 1, the structures so obtained are sketched: in the case of 
the α form, a transplanar (fully extended) conformation is 
found for the chains which form sheets of hydrogen bonded 
molecules; on the other hand, the γ form is characterized by a 
skew conformation of the CH2 units adjacent to the amide 
group, determining a nonplanar arrangement of the backbone 
atoms.
The total Raman intensity for each normal mode Qn is 

calculated referring to an ideal experiment on a polycrystalline 
powder sample (i.e., not oriented) by collecting the scattered 
radiation in all the directions of polarization

α γ∝ ̅ +I n n n( ) (45 ( ) 7 ( ) )tot
2 2

(1)

with invariants defined as α̅(n) = (1/3)(αxx(n) + αyy(n) +
αzz(n)) and γ(n)2 = (1/2)[(αxx(n) − αyy(n))
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2 + (αzz(n) − αxx(n))
2 + 6(αxy
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2(n))],
where αij(n) = α(n, i, j) is the i,j-th component of the Raman
tensor relative to the normal mode Qn (i.e., the derivative of the
components of the polarizability tensor with respect to the
normal coordinate Qn).

64,65

In addition to total Raman intensities, CRYSTAL14
computes also the single crystal directional Raman intensities
defined as

α= *I n V n i j( ) ( , , )ij
2

(2)

where V is the cell volume. The intensities Iij are the intensities
which could be obtained in an ideal experiment on a single
crystal by using incident radiation polarized in the i direction

and collecting scattered radiation in the j direction. The Raman
tensor and directional intensities have been used to discuss and
compute the polarized Raman spectra of the system
investigated.
The spectra so obtained are compared with the experimental

Raman spectra reported in the literature. In particular,
unpolarized Raman spectra of α and γ phases have been
taken by ref 29 (very similar spectra are also reported in ref 28),
while polarized Raman spectra of the α form relative to stretch-
oriented samples are taken from ref 27. As usual in
computational vibrational spectroscopy, in order to take into
account the effects due to the neglect of anharmonicity, to the
approximated treatment of electron correlation and to the
finiteness of the basis sets, frequency scaling factors are
introduced when comparing the DFT computed and
experimental data.66 To this aim, the calculated frequencies
here reported have been scaled by using the standard scaling
factor of 0.9614 reported by Merrick et al.66 Tables reporting
unscaled frequency values and total and directional Raman
intensities of the two polymorphs are reported in the
Supporting Information.
In addition to the prediction of the Raman spectra of the

crystal, we computed also the Raman spectra for the infinite
regular polymer chains having, respectively, the same
conformation observed in the crystal. These spectra give the
possibility to discuss briefly the effect of crystal packing and
intermolecular interaction on the Raman response (see next
section). Also, in this case, the starting geometries are the
optimized ones reported in ref 25.

III. RESULTS AND DISCUSSION
III.1. Unpolarized Raman Spectra of α and γ Phases. 

Among the few papers dealing with Raman spectroscopy, only

Figure 1. Sketches of the crystalline structures of the α (panels a and
c) and γ polymorphs (panel b) of Nylon-6. Carbon atoms are in green,
hydrogen atoms in white, oxygen atoms in red, and nitrogen atoms in
blue; hydrogen bonds are marked with dots. In panel c, the convention
adopted for the x, y, z axis is indicated: for both polymorphs, the chain
axis corresponds to the y axis, while x and z are lying, respectively,
parallel and perpendicular to the plane of the molecular sheets defined
by the carbon backbones of adjacent H-bonded polymer chains.



in two of them,28,29 the Raman spectra of α and γ polymorphs
have been compared with the aim of finding spectroscopic
markers of one form or the other. In Table 1, a summary of the
frequencies of the unambiguous marker bands proposed are
reported, together with the values obtained by DFT
calculations (see next discussion).

In Figure 2, the experimental29 and DFT computed spectra
of the two polymorphs are compared in the spectral range
1800−800 cm−1.

The agreement between experimental and DFT computed
spectra is impressive also in the minor details. Apart from the
prediction of the spectral features of each polymorph, the
significant advantage of a combined computational/experimen-
tal approach relies in the possibility of using spectroscopy to
give an unambiguous characterization of polymorphism effects,
as discussed in detail in the following.
Starting from the lower frequencies, a band is found at 925

cm−1 for γ-NY6 and has been proposed in ref 28 as a possible
marker of this phase; however, due to the presence of a band at

932 cm−1 for α-NY6 and based on DFT calculations where
both crystals present a line in this range, it is evident that such a
band cannot be confidently taken as a marker of one phase
only. On the other hand, the band observed28 at 962 cm−1 (977
cm−1 in ref 31) for γ-NY6 is indeed a good marker band, as
demonstrated by the computation where the band predicted at
948 cm−1 (CH2 twisting + CONH in plane) has no
counterparts in the α crystal, apart from a very weak feature.
Around 1100 cm−1, the experimental spectra present a pattern
where significant differences are found between the two
polymorphs. Some authors29,31 proposed the band at 1065
cm−1 as a marker of α-NY6: the comparison with γ-NY6, having
a band at 1060 cm−1, and with the calculations where two
bands of comparable intensity are predicted at 1032 and 1027
cm−1 (CC stretching + CH2 wagging) for α and γ crystals,
respectively, does not allow this feature to be considered as a
reliable marker. Instead, a band at 1080 cm−1 is dominant for γ-
NY6, as also demonstrated by the predicted spectra: an intense
band is present for the γ crystal at 1057 cm−1 (CC stretching +
CH2 twisting), while α possesses a much weaker band in the
same region, in agreement with the lower intensity observed for
the experimental 1080 cm−1 band. On the other hand, the
opposite behavior is observed for the band measured at 1130
cm−1, very intense for α-NY6 and much weaker for γ-NY6
(found at 1121 cm−1). Again, DFT calculations nicely
reproduce the experimental observation: the α crystal shows
a feature at 1112 cm−1 (CC stretching + CH2 wagging), while
at similar frequencies the γ crystal possesses a weaker
contribution. We can thus conclude that in this range the
1080 and 1130 cm−1 can be taken as reliable marker bands of γ
and α polymorphs, respectively. At larger frequency values,
some interesting observations can be done on the basis of the
results of the computations: while the experimental band at
1170 cm−1 observed for both polymorphs is indeed computed
for both of them, the two bands at 1203 cm−1 for α-NY6 and at
1234 cm−1 for γ-NY6, overlooked in previous investigations,
can be taken, respectively, as marker bands of the two
polymorphs. Indeed, the 1203 cm−1 is predicted at 1183
cm−1 (CH2 wagging) for the α crystal and the 1234 cm−1 band
is predicted at 1217 cm−1 (CH2 twisting) for the γ crystal, while
α shows only a very weak line close in frequency, consistently
with a weak band observed at 1238 cm−1.
Both polymorphs show two bands around 1300 cm−1

(1283−1310 cm−1 for α-NY6 and 1276−1298 cm−1 for γ-
NY6) which have been proposed by different authors as
possible spectroscopic markers. Indeed, in ref 27, the 1283
cm−1 band is taken as a marker of α-NY6, while, in ref 29, the
same phase is associated with the 1310 cm−1; moreover, in ref
28, the band at 1298 cm−1 is considered as a marker of γ-NY6.
It is already evident from the experimental spectra that the
similarities between the two polymorphs in this range do not
allow these bands to be considered as reliable markers based
only on small differences in frequency values or relative
intensities. This is further supported by DFT calculations: both
crystals do possess two bands in this region, 1265−1292 cm−1

for the α crystal (CH2 twisting) and 1261−1282 cm−1 for the γ
crystal (CH2 twisting). The 1265 cm−1 band shows a larger
intensity in the α phase (as also measured experimentally), but
this is not enough to consider it as an unambiguous marker. It
is interesting to notice that DFT calculations allow a further
possible marker band to be identified for the α crystal as the
shoulder on the lower frequency side of the experimental band
at 1444 cm−1: a contribution is indeed computed at 1412 cm−1

Table 1. List of the Frequency Values (cm−1) of
Unambiguous Marker Bands Proposed by Previous
Authors28,29 for the α and γ Polymorphs of NY6 and
Corresponding DFT Computed (B3LYP-D/6-31G(d,p))
Values (Computed Frequencies Are Scaled by 0.9614)a

α-NY6 γ-NY6

expt28,29 DFT (scaled) expt28,29 DFT (scaled)

1130 1112 962/977 948
1470 1478 1080 1057
1480 1481
1203 1183 1234 1217

∼1420 1412
aThe frequency values of new marker bands proposed on the basis of
the calculations are reported in boldface.

Figure 2. Comparison between experimental29 and DFT computed
(B3LYP-D/6-31G(d,p)) Raman spectra of α and γ polymorphs. The
predicted frequency values have been scaled by 0.9614 for a better
comparison with the experimental spectra.



(CH2 bending) and explains the differences observed in the
spectra. Finally, it has been proposed that the bands measured
at 1470 and 1480 cm−1 for α-NY6 can be considered as reliable
markers. From the computations, it appears that only one band
is predicted at 1471 cm−1. On the other hand, a closer look to
the results of the calculations shows that, in addition to the
1471 cm−1 band, also two other Raman transitions are
predicted at 1478 and 1481 cm−1 (CH2 bending) for the α
crystal, which merge in a single (calculated) band due to the
bandwidth adopted to plot the computed spectrum; in the case
of the γ crystal, no contributions are computed on the higher
frequency side of the 1457 cm−1 band (see also numerical data
in the Supporting Information). Therefore, apart from the
smaller differences in relative frequencies, this result seems to
justify the assignment of the experimental bands at 1470 and
1480 cm−1 as markers of α-NY6. On the basis of the above
discussion, the experimental and DFT computed frequencies of
the unambiguous marker bands are summarized in Table 1.
On the basis of the results reported, we can conclude that

DFT calculations appear to be mandatory for a detailed Raman
characterization of NY6 polymorphs and related marker bands:
only thanks to these computations, it has been possible to
obtain an unambiguous description where some of the previous
proposed marker bands have been confirmed, other ones
rejected and new ones suggested. Such a clear description is
required to fully exploit the power of vibrational spectroscopy
in the context of polymer structure characterization.
As a final test, in Figure SI1 of the Supporting Information,

the Raman spectra computed for regular one-dimensional chain
models are also reported in order to show the effects of
intermolecular interactions. Even if the differences with respect
to the spectra computed for the crystals are less pronounced
than in the case of the IR spectra,25 it can be verified that the
one-dimensional models are not suitable for the correct
prediction of the experimental Raman spectra. The occurrence
of hydrogen bonding between neighboring chains modulates
significantly the frequencies of many bands and the general

pattern of the spectrum, implying that the correct description of
intermolecular interactions (i.e., considering the whole 3D
crystal instead of an isolated 1D model chain) is mandatory for
a reliable interpretation of the spectra.

III.2. Polarized Raman Spectra. In addition to the Raman
spectra predicted for isotropic samples, built by taking into
account the suitable Raman intensities, it is possible to verify
the dependence from the crystal orientation and experimental
setup of the Raman spectra, by considering the directional
intensities defined by eq 2 and calculated on the basis of
individual components of the Raman tensor. These results give
a powerful description of the polarization properties of NY6
polymorphs, allowing the result to be predicted that would be
observed in a polarized Raman measurement on real samples
showing preferential orientation. Polarized Raman spectroscopy
presents some peculiarities and advantages that make it an
important technique in the context of polymer spectroscopy:
from a fundamental point of view, it allows a detailed
assignment of the bands observed to be carried out in terms
of symmetry, thus permitting one to discriminate between
different chain conformations based on their different
symmetry selection rules; on the other hand, it can give
significant information on the anisotropy of oriented polymer
samples, such as, for example, electrospun NY6 nano-
fibers.5−10,29,31

In Figure 3, the DFT computed Raman spectra discussed in
the previous section are compared to the individual Raman
spectra built by taking into account the different directional
intensities.
For both polymorphs, the choice adopted for the x, y, and z

axis is reported in Figure 1.
It is quite evident that both phases present evident

anisotropic scattering properties, and it is useful to focus in
particular on three main spectral regions: (i) the 1800−1400
cm−1, (ii) the 1300−1200 cm−1, and (iii) the 1200−800 cm−1

regions. In the case of region i, it is immediate to verify that in
the α form the two intense bands are mainly generated by the

Figure 3. DFT computed unpolarized Raman spectra compared with the spectra obtained on the basis of the different directional Raman intensities.
Frequency values are scaled by 0.9614.



xx component of the Raman tensor and a similar behavior is 
shown in region iii by the bands at 1112 cm−1 and at about 900 
cm−1; on the other hand, the band at 1032 cm−1 is mainly 
related to the xy component, while the most selective trend is 
shown in region ii by the pair of bands at 1292 and 1265 cm−1 

which are practically due only to the yz directional intensity. In 
the case of the γ form, the intense band in region i now takes 
significant contribution by all the diagonal components of the 
Raman tensor, while that at about 1600 cm−1 is now related 
only to the zz component. A similar behavior is shown also in 
region iii where the intense band at 1057 cm−1 is related to the 
yy and xx components, while the band at 1027 cm−1 is 
generated uniquely by xy intensity. Again, also for the γ form, 
the doublet of intense bands in region ii is related almost 
exclusively to yz intensity.
The spectra reported in Figure 3 already give significant 

information about the directional Raman properties of NY6 
polymorphs, but they cannot be directly compared to the 
spectra obtained by polarized Raman experiments. Indeed, on 
the basis of the symmetry properties of the system, its 
orientation, the setup, and the geometry of the experiment, the 
polarized spectra obtained are related to a specific combination 
of the different directional components. In ref 27, polarized 
Raman measurements of a stretch oriented sample of NY6 in 
the α form have been presented and the relationship between 
the experimental setup A(BC)D (A = propagation direction of 
the incident radiation, B = direction of polarization of incident 
radiation, C = direction of polarization of analyzed radiation, D 
= propagation direction of scattered radiation) and the proper 
combination of the molecular polarizability (α) components 
leading to the Raman spectrum has been reported. Four cases 
are analyzed: X(YY)Z geometry corresponding to αyy2 in our 
system of axis, X(YX)Z and X(ZY)Z polarizations correspond-
ing to 1/2(αyz2 + αxy

2) and X(ZX)Z polarization corresponding 
to 1/8(αzz − αxx)2 + 1/2αzx

2.
In Figure 4, the experimental polarized spectra reported for 

these four different cases are compared to the theoretical 
spectra where the intensities are calculated on the basis of the 
DFT computed Raman tensor and on the proper combination 
of the directional Raman intensities shown in Figure 3.
The comparison reveals a very good agreement: the DFT 

computed spectrum reproduces the experimental one even in 
the finer details, and the only minor discrepancies are the 
relative intensities of the main bands for the spectrum with 
X(YX)Z polarization, slightly overestimated by DFT calcu-
lations. However, a not completely perfect orientation of the 
sample with respect to the directional components cannot be 
excluded and could play a role in explaining possible minor 
differences with respect to computations.
As already mentioned, polarized measurements allowed to 

assign the bands observed in the spectra based on their 
symmetry properties: Figure 4 demonstrated without any doubt 
that the state-of-the-art computational method can support 
these experimental measurements, giving a very precise and 
unambiguous description of anisotropic properties, further 
enhancing the power of a combined experimental/computa-
tional approach to carry out a detailed spectroscopic character-
ization of polymer materials.

IV. CONCLUSIONS
In this paper, we presented for the first time the application of 
state-of-the-art periodic DFT calculations for the prediction of 
the Raman spectra of NY6 polymorphs. The comparison with

the experimental spectra reveals the high accuracy and
predictive power of the computational methodology adopted,
allowing a precise assignment and interpretation of the Raman
spectra of both α and γ phases and giving an unambiguous
characterization of these polymorphs through their spectral
markers. Such a straightforward description is not possible
based only on an experimental approach, as demonstrated by
the ambiguous and debated assignments which can be usually
found in the literature for many different polymeric materials.
Very few Raman spectroscopic studies of NY6 polymorphs
have been presented up to now, and the present results are
particularly meaningful and novel in this context, since they
give new insights on the vibrational response of these systems,
offering a possible contribution for the characterization of
innovative nylon-based systems. Indeed, these findings pave the
way to the application of computational Raman spectroscopy in
different branches of polymer science and technology: as in the
case of IR spectroscopy, characterization tools are required not
only to study the structural evolution in peculiar systems (e.g.,
electrospun nanofibers), but they can be used also for analytical
and quantitative measurements in more technological environ-
ments. The complementary information given by IR and
Raman spectroscopies, now both supported by computation
tools, is significant in this context.
Moreover, the successful prediction of polarized Raman

spectra further enhances the potentialities of these computa-
tional tools in the more general context of advanced polymer
materials, pointing out how a combined computational/
experimental approach is mandatory for a straightforward
characterization of anisotropic polymer samples by means of
Raman spectroscopy.

Figure 4. Comparison between experimental polarized Raman spectra
of the α-NY6 obtained with different experimental polarizations (taken
from ref 27) and corresponding Raman spectra obtained by the DFT
computed (B3LYP-D/6-31G(d,p)) Raman tensors (see text for the
correspondence between experimental geometry and “active” molec-
ular polarizability components). DFT computed frequencies are scaled
by 0.9614. X(YX)Z and X(ZY)Z polarizations both correspond to
1/2(αyz

2 + αxy
2), and thus, in the figure, only one corresponding

theoretical spectrum (indicated as “X(YX)Z DFT”) is reported for a
comparison.
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