
23 May 2023

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Ab initio calculation of the crystalline structure and IR spectrum of polymers: Nylon 6 polymorphs

Published version:

DOI:10.1021/jp303715v

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is the author's manuscript

This version is available http://hdl.handle.net/2318/118533 since 2016-08-04T15:11:36Z



This is an author version of the contribution published on:

C. Quarti, A. Milani, B. Civalleri, R. Orlando, C. Castiglioni.
Ab initio calculation of the crystalline structure and IR spectrum of

polymers: Nylon 6 polymorphs. Journal of Physical Chemistry B, 116,
8299-8311, 2012, DOI: 10.1021/jp303715v.

The definitive version is available at:

hhtp://pubs.acs.org



1 

 

Ab initio calculation of the crystalline structure and IR spectrum of polymers: 

Nylon 6 polymorphs 

 

Claudio Quarti
1
, Alberto Milani

1*
, Bartolomeo Civalleri

2
, Roberto Orlando

2
, Chiara Castiglioni

1
 

1
Politecnico di  Milano – Dip. Chimica, Materiali e Ing. Chimica “G. Natta”, 

P.zza Leonardo da Vinci 32,  I-20133 Milano, Italy 

2
 Università di Torino – Dip. Chimica e Centro di Eccellenza NIS 

Via P. Giuria 7, I-10125 Torino, Italy 

 

Abstract 

State of the art computational methods in solid state chemistry are applied for the prediction of the 

structural and spectroscopic properties of the α and γ crystalline polymorphs of nylon 6. Density 

functional theory calculations augmented with an empirical dispersion correction (DFT-D) are used 

for the optimization of the two different crystal structures and of the isolated chains, characterized 

by a different regular conformation and described as 1D infinite chains. The structural parameters 

of both crystalline polymorphs are correctly predicted and new insights on the interplay of 

conformational effects, hydrogen bonding and van der Waals interactions in affecting the properties 

of the crystal structures of polyamides are obtained. The calculated infrared spectra are compared to 

experimental data; based on computed vibrational eigenvectors, assignment of the infrared 

absorptions of the two nylon 6 polymorphs is carried out and critically analyzed in the light of 

previous investigations. On the basis of the comparison between the computed and experimental IR 

spectra, a set of marker bands is identified and proposed as a tool to detect and quantify the 

presence of a given polymorph in a real sample: several marker bands adopted in the past are 

confirmed, while some of the previous assignment are criticized.  In addition, some new marker 

bands are proposed. The results obtained demonstrate that accurate computational techniques are 

now affordable for polymer characterization, opening  the way to several applications of ab initio 

modelling to the study of  many families of polymeric materials.   
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I. Introduction 

Polyamides, commonly known with the commercial name nylon, are well recognized polymeric 

materials, due to their wide occurrence in our everyday life. Despite their well-assessed 

applications, scientific and technological researches on this class of polymers are far from having 

reached a plateau: the development of nanocomposites based on nylons,
1
 the application of new 

techniques of production such as electrospinning
2
 and even the application of polyamides in the 

field of biomaterial and nanomedicine are currently active and promising fields of investigation.  

From a more basic, chemical/physical point of view, the development of structure/property 

relationships based on a molecular approach, the understanding of the origin of the polymorphism, 

which shows-up in several semi-crystalline polyamides, are currently deeply investigated both 

experimentally
2f,3

 and theoretically
4
; in particular, thanks to the development of molecular 

simulations and related computational techniques, ab initio theoretical modelling can be exploited 

to this aim. 

Polymorphism is one of the key feature ruling, at nanoscale, the properties of polyamides; however, 

in spite of its importance, the control and the experimental recognition of  the crystalline structure 

of nylons are issues not completely solved. The existence of metastable phases, the peculiar 

behaviour observed upon thermal or mechanical stresses, the phenomena ruling the stability of one 

phase or of another, the understanding of phase transitions from a molecular perspective are just 

few topics where many questions are still unanswered. The complexity of this matter arises from the 

peculiar balance between intra and intermolecular interactions taking place in these systems. For 

instance, in the case of single-numbered nylons (nylon-n, n even), the stability of the α crystalline 

form with respect to the γ form depends on the length of the monomer chain (i.e. on the number –

CH2 units). Indeed, the balance between intermolecular H-bonding and van der Waals interactions 

among -CH2- units belonging to adjacent chains in the crystal determines the predominance of one 

form or of the other.
4a

 In particular, the α form is more stable for n ≤ 6 while the γ form is more 

stable for n ≥ 8. The case of nylon 6 (NY6) is the most peculiar one since it presents both the crystal 

forms, often occurring simultaneously in the same sample, due to only a small difference in energy, 

with the α form being the most stable one. In addition, this polymer can easily undergo phase 

transition from α to γ form as a results of external stimuli or processing.
 2b,3e,3i,5 

 

Since the setting of a given crystal structure implies peculiar trends of the macroscopic properties 

(e.g. melting temperatures, densities, mechanical properties etc. etc.) a careful determination of  the 

crystal structure is mandatory and it has been widely carried out by means of X-ray diffraction and 

IR spectroscopy in the past and also more recently.
2b,3i,5,6
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In parallel, calculations based on Molecular Dynamics
4a,7

 have been used to investigate the 

structural properties of nylons, together with quantum chemical simulations carried out on feasible 

small molecular models
4b

.  However, due to the limited computational resources and to the lack of 

standard codes,  any accurate quantum chemical calculations of infinite polymer chains and  of their  

crystal structures were unaffordable in the past.  Even if very good computational description of the 

molecular structure can be obtained by means of classical molecular dynamics,
 7 

these methods do 

not allow to predict reliable vibrational spectra. On the other side, ab-initio molecular dynamics 

techniques could in principle give a very good description of the vibrational force field and spectra 

of quite large molecular systems, provided that the simulations are long enough for a reliable 

statistics. Anharmonic can be automatically included in these calculations but, on the other hand, a 

description of the vibrational properties in terms of normal modes is not straightforward. Recently, 

these methods have been applied successfully for different molecular systems,
8
 but they have not 

found application yet in the case of polymeric materials, which are still too computationally 

expensive. So far, indeed, very few works on computational vibrational spectroscopy of polyamides 

have been published, and they were all based on semiempirical force fields.
9
   

Due to this lack, the characterization of nylons by means of vibrational spectroscopy always relied 

on band assignments based on purely experimental works
5,6,9

: the diagnostic tools so developed are 

now routinely used also for the spectroscopic characterization of new systems such as nano-

composites or electro-spun nano-fibers. Unfortunately, the reliability of the method  has not be  

confirmed through an accurate molecular modelling. 

In this paper, we present a computational study based on Density Functional Theory (DFT) 

calculations of the IR spectra of α and γ crystalline forms of NY6 by using state-of-the-art 

computational techniques in solid state chemistry. Indeed, in the current implementation of the 

CRYSTAL09 code,
10

 the accurate simulation of the vibrational properties of crystalline molecular 

materials  is possible, taking into account explicitly the space group symmetry of the systems. In the 

case of  polymeric materials, accurate calculations by using this code have been recently presented 

and applied with success to the case of a single chain of syndiotactic polystyrene,
11

 polyglycine
12

 

and a few polyconjugated polymers;
13

 to our knowledge, however, no other application of this code 

to the study of polymer materials has been presented so far.  

The work is organized as follows: in section III.1 the equilibrium crystal structure of the two α and 

γ crystalline forms of NY6 obtained by the calculation will be compared with experimental 

determinations, focusing in particular on the importance of van der Waals interactions and on the 

effect of their correction by means of Grimme’s procedure; the structural results obtained will be 

then used in the simulation of the IR spectra described in section III.2. The interpretation of the IR 
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spectrum and the assignment of the spectroscopic markers of  and  polymorphs of NY6 is 

reported in section IV. 
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II. Computational and experimental details  

Full geometry optimization of the crystal structure and the calculation of the IR spectra of the α and 

γ polymorphs of NY6 have been carried out by means of the CRYSTAL09 code
10

 in the framework 

of Density Functional Theory (DFT).  We adopted the B3LYP
14

 hybrid exchange-correlation 

functional together with the 6-31G(d,p) basis set
†
. 

All B3LYP calculations include the empirical correction for dispersion interactions proposed by 

Grimme
15

 and implemented in CRYSTAL09. Due to the presence of different empirical parameters 

in the model, three different choices have been adopted and compared since it has been 

demonstrated in previous papers
16

 that the results could be significantly affected by different choice.  

The numerical values of the parameters finally chosen in this work are reported in Table 1.  Further 

details and comments about this choice are reported in the Supporting Information. 

 

Table 1: Summary of the C6 and RvdW parameters adopted in the present work for the Grimme’s 

empirical dispersion correction
 14

. A cutoff distance of 25.0 Å was used to truncate direct lattice 

summation. C6 are in units of J nm
6
mol

-1
 and their values have been taken from Ref. 15 while RvdW  

are in unit of Å. For d parameter a standard value of 20 has been chosen  and for s6 parameter a 

value of 1.00.
16

 

 

Atom 
C6 

(J nm
6
mol

-1)
 

RvdW 

(Å) 

H 0.14 1.3013
 16

 

C 1.75 1.70 
17

 

O 0.70 1.52 
17

 

N 1.23 1.55 
17

 

 

In all calculations, the atomic positions and the lattice parameters were fully optimized: default 

optimization algorithms and convergence criteria were adopted.
10a

 

As starting guess structures for the calculations, we considered the experimentally determined 

crystal parameters and atomic coordinates reported by Bunn et al 
18a

 and Simon et al. 
18b

 for the α 

form  (P21 space group) and by Arimoto et al. for the γ form (P21/a).
19

 In order to detect the 

spectroscopic markers of regularity/crystallinity
20

 we carried out also geometry optimizations and 

frequency calculation on the infinite polymer chains characterized by a regular conformation (1D 

                                                 
†
 The dimension of the basis set is reported in the Supporting Information together with the atoms and fractional 

coordinates of the asymmetric unit  of optimized structures. 
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model chain), taking as starting structures the two different conformation shown by the chains in the 

two polymorphs: the  “α-type” chain belongs to P21am  line group, and is characterized by a trans-

planar structure, while the “γ-type” chain belongs to P2111 line group and shows a non planar 

arrangement of the backbone atoms, determined by the skew conformation of the CH2 units 

adjacent to the amide group.   

The two crystal structures, clearly showing  the two different conformations of the polymer chains 

are sketched in Figure 1. 

 

 

Figure 1: Sketches of the crystalline structures of the α and γ polymorphs of NY6. Carbon atoms 

are in green, hydrogen atoms in white, oxigen atoms in red and nitrogen atoms in blue.  

 

Normal frequencies calculation (at Γ point) have been carried out on the optimized geometries as 

obtained by diagonalization of the (numerically calculated) Hessian matrix. 

Vibrational frequencies and eigenvectors obtained for the 1D model chains have been used for the 

interpretation of normal modes of vibration observed in the crystal, according to a “projection” 

procedure reported in Section IV. 

To compare the computed and the experimental data, the calculated frequencies were scaled by 

0.9614
21

 in the frequency region 4000-1100 cm
-1

 and by 0.975 below 1100 cm
-1

. The use of 

different scaling factors has been used here to obtain the best fit between experimental and 

computed IR spectra. 

The DFT-D computed spectra have been compared with experimental IR spectra of two different 

NY6 samples showing a largely exceeding content of the  and of the γ crystalline polimorph, 

respectively and with an amophous sample.
22

  Samples of  crystals with a thickness suitable for 
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the IR analysis have been prepared starting from formic acid solution of NY6 and coating a film by 

means of Doctor Blade technique. The samples of γ form have been prepared following the 

procedure previously reported in the literature.
3i,22,23

 IR spectra have been recorded using a FT-IR 

Nicolet Nexus Spectrometer (resolution 1 cm
-1

, 128 scans). Amorphous samples have been obtained 

by rapid quenching in liquid nitrogen of the melt. All the experimental spectra reported show a 

good agreement with the experimental spectra previously published in the literature and can be used 

for a reliable validation and discussion of the DFT-D predicted spectra. In the case of the  form, 

the IR spectra show very weak bands, which can be associated to the presence of little impurities of 

the  form. Anyway, their content is very limited and thus it does not affect the comparison with 

the predicted spectra. 

 

III. Results 

III.1 Prediction of the crystal structures 

The correct prediction of the crystal structure and of the cohesive energy of NY6 polymorph is not a 

computationally easy task. As already mentioned, the intermolecular properties of single-numbered 

nylons are ruled by the interplay between hydrogen bonding and vdW interactions among >CH2 

groups, stabilizing the α or the γ crystalline forms depending on the length of the monomer chain. 

The computational description of these interactions is currently one of the weaknesses of DFT 

method also in the case of small molecules, but it can be corrected by the empirical procedure 

proposed by Grimme,
15

 here adopted. Furthermore, the computational difficulties parallel the 

experimental problems related to the existence (or co-existence) of other polymorphs in addition to 

α and γ phases and of the unavoidable presence of amorphous phases, as it always happens for any 

semi-crystalline polymer. These facts add further uncertainties in the interpretation of experimental 

measures, as documented by the wide debate on the crystalline structures of  NY6, which took place 

in the past literature.
5,6

  

In this work we restrict ourselves to the modelling of the structure of the two main (α and γ) 

crystalline forms of NY6, by comparing them to the experimental structures reported respectively 

by Bunn
18

 et Arimoto
19

: these structures are indeed referred to by most of the scientific papers 

dealing with NY6.   

In Table 2 we report the comparison between the experimental cell parameters and those computed 

by using the set of parameters for the Grimme’s correction reported in Table 1. A complete 

discussion of the results obtained by using also other different sets of  parameters are reported in the 

Supporting Information. 
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Table 2: Experimental
18,19

 and DFT-D computed cell parameters for α and γ forms of NY6. 

Distances are in A, angles in degrees. Experimental values are also reported for comparison. 

 

 Α polymorph (P21) γ polymorph (P21/a) 
 Experimental

18
 DFT-D Experimental

19
 DFT-D 

a  9.56 9.57 9.33 8.99 

b 17.24 17.48 16.88 16.85 

c 8.01 7.53 4.78 4.75 

β 67.5 68.64 121.0 123.3 

 

Considering first the results for the α form, a good prediction can be found for the β angle and b 

parameters (chain axis direction) consistently with the fact that the latter cell parameter depends on 

the good computational description of the intramolecular degrees of freedom. The a parameter is 

related to the packing between neighbour hydrogen bonded polymer chains forming a sheet (see 

Fig. 1): a very good agreement with experimental data is obtained also in this case, indicating that 

hydrogen bonding effects are described properly by the computational method adopted. The largest 

discrepancy with the experimental data are found for the c parameter, related to the packing of 

“sheets” (formed by H-bonded chains) interacting via vdW forces: the sets of parameters adopted 

(Table 1) is the one giving the best agreement (see Supporting Information) even if a non negligible 

difference from the experimental determination is still present. However, in the case of molecular 

solids, thermal effects can have a non-negligible role in modulating this cell parameter
24

 and the 

comparison with the result of a complete cell optimization by means of ab-initio calculations should 

be taken with care since in the latter no thermal effects are included. 

While considering γ form, a very similar situation is found: the b parameter (chain axis), the β angle 

and  the c parameter (H bonded chains in pleated sheets) are described accurately, while for the a 

parameter (stacking of sheets via vdW interactions) a good description is obtained, even if a non 

negligible difference is still found with respect to the experimental datum. We can conclude that a 

reasonably good description of the crystal structure of NY6 polymorphs can be obtained by using 

the parameters adopted for Grimme’s correction, justifying their use also for the computation of the 

IR spectra of the two polymorphs. 

A very important feature for the comprehension of the polymorphism in NY6 is the relative stability 

of one crystalline form with respect to the other. Till now very few works based on molecular 

mechanics
7
 or quantum chemical calculations applied to small molecular models

4b
 have been used 

to this aim and the general conclusion was that the α form is more stable than the γ form, showing 

an energy difference of 0.5-1.5 Kcal/mol per monomer unit, depending on the computational 
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method adopted. Since in the present work our aim is a detailed description and discussion of 

structure and vibrational features of the two polymorphs, a complete investigation of the energetics 

behind Nylon’s polymorphism is planned for the next future. We just briefly summarize here some 

preliminary results. 

It is interesting in particular to compare the energy differences between the two isolated polymer 

chains (1D model chains), possesing conformations very similar to those observed when forming 

the crystal, in order to determine the contribution of the conformational potential energy for the two 

different chains. It should be noted that Grimme’s correction has been used also in this case to 

guarantee the best description of the interactions between non bonded atoms, playing a significant 

role in determining the shape of the torsional potential surface.  

If we use as guess geometry the molecular structure of a single polymer chain “extracted” from the 

experimental crystal structures and we carry out a complete geometry optimization (no constraints 

except for the choice of symmetry rod group, which does not affect the final value of the torsional 

angles), the two starting conformations are kept (except for an expected and little geometry 

relaxation).  This is a first very interesting result: it suggests that the two chain conformations 

characteristic of the α and of the γ forms, are not driven by the intermolecular interactions but 

satisfy equilibrium requirements also for the isolated chain (i. e. they correspond to minima of the 

torsional potential energy surface of the single polymer chain). The energy difference between the 

two conformations of the isolated chains (normalized on the monomer units) demonstrates that “γ-

type” conformation results to be slightly more stable of 1.073 kcal/mol than the “α-type” 

conformation while in the crystals the two polymorphs are practically iso-energetic (energy 

difference of 0.045 kcal/mol per monomer unit); on the other hand the α form results to be slighly 

more stable (up to a maximum of 1.5 kcal/mol per monomer unit) if other sets of parameters for 

Grimme’s correction are used (see Table S3 of the Supporting Information). These preliminary and 

qualitative results are particularly interesting since they show how polymorphism in nylon 6 results 

from a subtle balance of  both intra and intermolecular interactions, requiring an accurate 

computational description of both these types of interactions. 

 

III.2 IR spectra of NY6 polymorphs 

In this section, the IR spectra obtained by DFT-D calculations will be presented and compared to 

the experimental spectra of the two polymorphs.  In Figure 2 the computed and the experimental 

spectra for the two polymorphs are shown in the whole fingerprints region below 2000 cm
-1

; in the 

same figure also IR spectra calculated for the two isolated chains characterized by the regular 

conformation of the α and γ forms, are reported for comparison.  The general pattern of the 
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experimental spectra, dominated by the so called Amide I and Amide II bands, which show up in 

the region  between 1700 and 1500 cm
-1

 is well reproduced by DFT-D predictions on crystal.   

Moreover, as expected, it is immediately clear that calculations on the isolated chains are 

inadequate even to give a qualitative prediction of the most relevant spectral features. 

 

 

 

Figure 2: Comparison between experimental and DFT-D computed IR spectra ( crystal and single 

chain model) for α (top) and γ (bottom) polymorphs of NY6 in the frequency range below 2000 cm
-1

 

(scaling factor: 0.9614 on the whole range of frequencies). 
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Below 1500 cm
-1

 the experimental spectra show several weaker transitions which result to be very 

sensitive to the polymorph structure: these IR bands have been indeed proposed in the past as 

spectroscopic markers useful to recognize the presence of the different crystalline forms in the real 

samples (see in Table 3 a list of the experimental wave-numbers the most widely used markers, 

proposed or simply adopted by several authors). 

In the following (see Figure 3, 4) a detailed discussion about the marker bands will be carried out 

focusing into each specific spectral region were transitions sensitive to the crystal structure of NY6 

occur
‡
. In order to ease the comparison between calculations and experiments, a suitable scaling 

factor is adopted for each spectral range; to the same aim, in the text, we will refer to calculated 

peak frequency reporting values after scaling.  

 

Table 3: Wave-numbers of the most important experimentally determined IR marker bands of the α 

and γ polymorphs of NY6 previously proposed in the literature.
3i,5,6

 

 wavenumber  (cm
-1

) of marker bands in the IR spectra  

α form 930, 950, 960, 1030,1200 

γ form 915, 970, 1002 

amorphous 985, 1124 

reference 1170,1630 

 

 

900-1100 cm
-1

 frequency range 

In Figure 3, we report the comparison between experimental and DFT-D computed spectra for the α 

and γ polymorphs in the 900-1100 cm
-1

 range. This is probably the most important region because 

of the presence of very popular marker bands of the two polymorphs. 

 

                                                 
‡
 In the Supporting Information, similar figures are reported comparing experimental spectra with 

DFT computed spectra obtained by using different sets of parameters for Grimme’s correction. 
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Figure 3: Comparison between experimental and DFT-D computed IR spectra for α and γ 

polymorphs of NY6 in the wavenumber range 1100-900 cm
-1

 (scaling factor: 0.975). In the 

experimental spectra, also the spectra obtained as a subtraction of the spectrum of an amorphous 

samples are reported. 

 

Indeed, according to Table 3, we can find here three strong marker bands for the α form at 930, 960 

and 1030 cm
-1

 and two marker bands for the γ form at about 970 and 1000 cm
-1

. Minor markers are 

the bands  at 950 cm
-1

 and 915 cm
-1

 for the α and γ form respectively. 

By inspection of Figure 3 we can verify that DFT-D computed spectra show a good agreement with 

the experimental ones: in particular, calculations confirm that the previously reported bands are all 

characteristic markers of the α and γ  polymorphs of NY6.  

Despite to the general agreement between theory and experiments there are several discrepancies in 

the description of  some details: in the case of the α crystal, the predicted intensity ratios between 

the three bands at 930, 950 and 960 cm
-1

 do not exactly parallel the experimental ones. It should be 

noted that the experimental spectrum is affected by the presence of a non-negligible contributions 

from the amorphous phase, which is indeed responsible of a broad band peaked at about 985 cm
-1

. 

To obtain spectra free from the amorphous contribution, a spectral subtraction of this contribution 

has been carried out (Fig. 3) to verify if the intensities of the two bands, in particular the 960 cm
-1

 

band, could be affected. No change are observed and thus we can conclude that DFT-D calculations 

are not sufficiently accurate in this case to satisfactorily reproduce the experimental intensities and 

intensity ratio of the two bands.  
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A similar situation is found in the case of the IR spectra of the γ form (Figure 3): a good description 

is obtained for the bands at 970 and 1000 cm
-1

 but an additional absorption feature is calculated in 

between these two features. This extra transition probably falls under the main band (occurring at 

970 cm
-1

 in the experimental spectrum) or shows a negligible intensity in the experiment, while its 

relative position and/or intensity are differently predicted by DFT-D calculations. It should be noted 

that the calculations correctly predict the existence of a third band (experimental frequency:  915 

cm
-1

) even if it is again too intense with respect to the experimental (broad) band. 

In spite of the discrepancies underlined above, the overall agreement between experimental and 

DFT-D computed spectra is good and it confirms the assignments, based on purely experimental 

investigations, reported in Table 3. In particular the selectivity of this spectral region for the 

recognition of the two different crystalline polymorphs is well reproduced by calculations.   

 

1100-1500 cm
-1

 frequency range 

In Figure 4 we report the comparison between the experimental and DFT-D computed IR spectra in 

the frequency range 1100-1500 cm
-1

.  

 

 

Figure 4: Comparison between experimental and DFT-D computed IR spectra for α and γ 

polymorphs of NY6 in the frequency range 1500-1100 cm
-1

 (scaling factor: 0.9614). In the 

experimental spectra, also the spectra obtained as a subtraction of the spectrum of an amorphous 

samples are reported. 
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Vasanthan et al
5c,6f

 proposed the band at 1200 cm
-1

 as a marker of the α form while no other 

markers bands of NY6 polymorph have been so far discussed in this range. Based on the 

experimental spectra reported in Figure 4 we can see that the band falling at 1170 cm
-1

 (usually 

taken as a reference band
5c,5e

) is predominant for the γ form and a similar behaviour is observed for 

the band at 1234 cm
-1

.  On this basis, we suggest to consider these two bands as additional markers 

of the γ polymorph.  Moreover, in the case of the α form, in addition to the 1200 cm
-1

 absorption, 

two strong bands falling at 1416 and 1478 cm
-1

 are distinctly observed and can be thus proposed as 

further marker bands. 

Considering DFT-D computed spectra, we can verify that the agreement with experimental spectra 

is very good, also in minor details; considering first the γ form, we can confirm that the 

experimental band at 1170 cm
-1

 (predicted at lower frequency by the calculations i.e. 1152 cm
-1

) is 

indeed a marker of this form. This finding allows us to solve one of the discrepancies found in the 

literature: indeed the 1170 cm
-1

 band was taken by some authors as a marker of the amorphous 

phase while Vasanthan
5c,5e

 demonstrated that this band was somehow dependent on the crystal 

morphology of the system and he proposed it as reference band. Our results further suggest that the 

1170 cm
-1

  band can be indeed associated to the γ polymorph.   Also in the case of the band at 1234 

cm
-1

 the calculations (predicted band frequency at 1222 cm
-1

) support its assignment to the γ form: 

to our knowledge this band has not been yet proposed as a marker of the γ form in the previous 

literature. Moreover, computed data predict a further marker for this form at about 1380 cm
-1

 where 

a band is clearly detected. However, in this range the experimental spectra are quite broad and 

structureless and thus this marker band seems not suitable for practical applications. 

Considering the α form, DFT-D calculations confirm again that the band at 1200 cm
-1

 is a marker 

band of this polymorph; moreover calculations indicate that the two bands at 1416 cm
-1 

and 1478 

cm
-1

 are additional markers of α form while they have not been used for practical purposes. In 

addition to the main features described above, we can notice that the calculations reproduce quite 

well also minor details, such as for example the pattern of bands observed between 1400 and 1500 

cm
-1

 for both forms or the pattern observed at about 1300 cm
-1 

for the γ form.   

 

Other spectral regions 

In the previous paragraph, the most relevant spectral regions for the application of IR spectroscopy 

to the characterization of materials based on NY6 have been analyzed. In the following we briefly 

discuss other different frequency ranges, where some additional information can be obtained. All 

the figures can be found in the Supporting Information. 
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Between 1500 and 1800 cm
-1

 (Figure S7, upper panel) the most intense vibrations of polyamides 

can be found i.e. the amide I and amide II bands: the relative position observed in the experimental 

spectra for the two bands is reproduced correctly by DFT-D calculations. In particular, the amide I 

band of the α form shows a lower frequency with respect to the γ form, indicating that in the former 

case there is a more efficient hydrogen bonds net, characterized by stronger bonds.   

Another feature directly related to hydrogen bonding is the NH stretching band falling at about 

3300 cm
-1

 (see Figure S7, lower panel). While the experimental spectra of the two polymorphs 

show a very similar peak position for these broad bands, DFT-D calculations predict a slightly 

lower frequency for the γ form, thus suggesting that stronger hydrogen bonds are present. This 

finding is in contrast with what is observed for the amide I band, both in the experimental and DFT-

D computed spectra. However, the fact that, considering the experimental spectra, no significant 

differences between the two polymorphs are found in the NH stretching region, suggests that the 

trend given by the present calculations is ascribed to some weakness of the theoretical modelling, 

such as the influence of basis set superposition error or of the Grimme corrections on the 

description of hydrogen bonding. Furthermore,  anharmonicities can have a non negligible effect in 

this frequency range but are not taken into account in the present (harmonic) calculations. 

Below 900 cm
-1

, no important features are observed except for an intense and broad band at about 

690 cm
-1

 for both forms (see Figure S8). Also in this range DFT-D calculations reproduce the 

experimental pattern, and in particular they describe well the weak bands occurring between 500 

and 650 cm
-1

.  However, considering the intense absorption feature falling at about 690 cm
-1 

in both 

the experimental spectra, a too large frequency splitting between the absorption peaks of the two 

crystalline forms is predicted by the calculations. To better clarify the origin of this discrepancy 

further experimental investigation would be required in order to clearly distinguish the contribution 

due to the amorphous domains in this frequency range. 

Finally, in the CH stretching frequency region (Figure S9), an overall agreement is found again with 

DFT-D calculations, despite to the fact that usually anharmonic effects, overtones, Fermi 

resonances etc. affect significantly the spectral pattern. In particular, the two main broad bands of 

the γ form are found at lower frequencies with respect to the two broad bands of the α form, as 

reproduced by DFT-D calculations. A qualitative interpretation of this fact can be proposed: it is 

indeed believed that in the α form the best geometrical arrangement for the hydrogen bonds is 

obtained at the expenses of a less favourable packing of the >CH2 groups of adjacent chains, while 

the opposite situation is found in the case of the γ form. The fact that the CH stretchings of the α 

form show higher wavenumbers can be ascribed  to repulsive intermolecular interactions originated 

by the tight contact of non-bonded H atoms of the methylene units of adjacent chains. By 
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comparing the calculated IR spectra of the crystals with those of the single chains, we will verify in 

Section IV that this behaviour is indeed uniquely related to the intermolecular interactions between 

chains closely packed in the crystal. 

 

IV. Discussion 

An additional advantage of ab initio calculations of vibrational spectra relies in the possibility to 

associate to each frequency (i.e. eigenvalue) the related eigenvector describing the normal mode of 

vibration, which allows to carry out a vibrational band assignment.   In the case of polyamides, the 

vibrational assignment was derived in the past only on the basis of empirical correlations or 

considering the eigenvectors obtained through semi-empirical calculations on small oligomers. 
8a,8b

 

In addition to the identification of characteristic group frequencies, the analysis of  the computed 

vibrational eigenvectors allows to gather information on the dynamics of the system investigated in 

terms of relevant intramolecular interactions and it is a tool to estimate the effect of the inter-

molecular interactions taking place between different molecules. However, in the cases under study, 

the eigenvector analysis carried out through a visual inspection of the cartesian atoms displacements 

associated to the vibrational modes of  the crystal is rather difficult, due to the presence of more 

than one molecule per unit cell. 

In this case, a useful technique for the analysis of eigenvectors may be the comparison between the 

vibrational modes calculated for the single, regular chain (1D model chain) and the vibrational 

modes of the crystal. In this way it is possible to establish a correspondence between the latter and 

the former, which provides a description of the vibrational problem of the crystal on the basis of the 

vibrational modes of the isolated chain. Moreover, it allows to capture the effects of the 

intermolecular interactions in terms of shift of the vibrational frequencies and IR intensity 

redistribution driven by the different vibrational couplings occurring when going from the single 

chain to the crystal.  Notice that, sometimes, in the presence of strong intermolecular interactions, 

the description (in terms of atomic displacements) of  the  vibrational modes of the crystal can 

markedly deviate from that of any mode of the isolated chain. This behaviour is often found in the 

case of NY6 and explains  the impressive change of the spectral pattern when intermolecular 

interactions are taken into account.  

The detailed procedure followed to carry out this analysis is reported in the Supporting Information.   

The method has been applied in particular to the analysis of the marker bands discussed in the 

previous sections: the correlation established between the normal modes of the crystal and those of 

the 1D model chain is illustrated in Tables 4 and 5, where frequencies and IR intensities of selected 
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transitions of the α and γ crystals are shown. The data here reported have been extracted from the 

output of the DFT-D calculations according to the following criteria: 

a) All the IR transitions previously identified as markers (or potential markers) for the detection of 

the crystal polymorphs are reported. 

b) Strong IR features (even if not recognized as marker bands) in the characteristic region 1500-900 

cm
-1

 are included in the tables.  In this case a quite drastic threshold intensity value has been 

defined, of 40 km/mol, corresponding to about 10% of the strongest IR transition of the α form in 

this frequency region. 

c) For any given selected transition of the crystal, we report (same row) the computed (scaled) 

frequency and intensity of the corresponding (i. e. similar) IR transition of  the isolated chains (1D 

model chain): this  normal mode of the single chain is selected as that showing the higher similarity 

to the normal mode of the crystal considered (i. e. it shows the highest scores skt
(i)

, see Supporting 

Information). A sketch of the eigenvector (single chain mode) is also reported, thus providing 

indication useful for the vibrational assignment.  

 

According to the symmetry rules dictated by the site symmetry, the q = 0  vibrations of the crystal 

showing correspondence with vibrations of the 1D model chain must obey the following symmetry 

relationships:  

i) α form : A and B modes can be obtained as mixing  respectively of  A1, A2 and B1, B2 modes of 

the “α-type” isolated chain respectively;  

ii) γ form:  Au and Bu modes are obtained by A and B modes of the “γ-type” chain, respectively.  

Notice that, in order to make a correct comparison between IR bands intensities obtained for 

crystals and 1D model chains, the IR intensity values of the crystals must be divided by the number 

of chains in the unit cell (values in squared parentheses, Tables 4, 5).    

 

IR spectra of crystals and isolated chains 

Before a detailed analysis of the data reported in Tables 4, 5 it is instructive to directly compare the 

predicted IR features of the isolated chains and of crystals, reported in Figure 5, where, in order to 

facilitate the comparison, the intensity relative to crystals are normalized to the number of chains 

belonging to the crystal cell. 

Looking at the 1100-800 cm
-1

 region, the most impressing effect due to the 3-D arrangement of the 

chains is a remarkable increase of the global intensity.  

In particular, in the case of the α form the IR spectrum of the isolated chain present just one  

strongly infrared active band (at 907 cm
-1

) while in the spectrum of the crystal at least two strong 
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features of comparable intensity appear.  Interestingly, it seems that there exists a frequency 

correlation between the band of the 1D model chain at 907 cm
-1

 and the lower frequency band of 

the crystal (918 cm
-1

), which moreover shows a very similar intensity.   The situation is even more 

drastic for the γ form where several relevant features appear in the crystal, while the single chain 

shows only two features (at 1056 and 1096 cm
-1

) of medium intensity.    

In the region 1500 - 1100 cm
-1

, neglecting the strong amide II transition which shows up between 

1400 and 1500 cm
-1

 in the cases of  the isolated chains and which is affected by a remarkable blue 

shift in the crystal (see Figure 2) due to the occurrence of H bonding, it is very difficult to establish 

a correspondence between IR bands of the crystals and those of the isolated chains. It seems that in 

this region the global intensity is only slightly enhanced by the crystal packing, but it is 

redistributed over a larger number of vibrational modes, giving rise to very structured spectra.  

α polymorph γ polymorph 

  

  

 

Figure 5: Comparison between DFT-D computed IR spectra of the crystal and 1D model chain  of 

the α (left) and γ (right) polymorphs of NY6 in the frequency range 900-1100 cm
-1

 (frequency 

scaling factor 0.975) and 1500-1100 cm
-1

 (frequency scaling factor 0.9614). For a correct 
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comparison, the intensities of the crystals have been divided by the number of chains in the unit 

cell. The discontinuities at about 1075 cm
-1

 are due to the use of different scaling factors. 

 

The data reported in Tables 4 , 5 are useful to rationalize the above remarks. 

By looking to the sketches of eigenvectors of the single isolated chains, reported in the last column 

of Tables 4, 5, all the vibrational modes reported can be labeled as collective normal modes, since 

they involve cooperative angular deformations of all the CH2 units and, in the most cases, contain 

also a non-negligible contribution by bendings of the amide groups. The “delocalization” of these 

modes over all the chemical groups of the polymer chains does not allow a classification in terms of 

characteristic group vibrations; on the other hand, it clearly explains why the spectral regions 

considered are so sensitive both to the chain conformation and to the crystal packing: it is indeed 

well known that frequencies of collective normal modes are usually strongly affected by the specific 

molecular shape, i. e. by the architecture of the molecule as a whole.  

Another remark can be done by comparing the calculated frequencies of the crystal and the 

corresponding ones of the isolated chain: frequencies of the two similar modes are quite close and 

in the most cases the relative shifts do not exceed 20 cm
-1

.  In spite of this, there is a remarkable 

remixing of the single chain normal modes while considering the vibrations of the real crystal 

structures. This is especially true in the higher frequency region, where the analysis of the score 

values demonstrates that many vibrations of the crystal take comparable contributions (i.e. 

comparable score values) from many vibrations of the isolated chain.  

Considering the IR intensity values reported in Tables 4 and 5, it can be seen that totally symmetric 

vibrations (e.g. modes invariant under the symmetry operation associated to the twofold screw axis) 

show a different behavior with respect to vibrations belonging to the B species. Indeed, the 

transitions of the 1D model chains associated to totally symmetric modes show the higher IR 

intensities, while those of B species are usually very weak. While going to the crystal, there is a 

general increase of the intensity associated to B symmetry normal modes, which in several cases 

show an intensity enhancement of about one order of magnitude with respect to the corresponding  

transition (similar normal mode) of the isolated chain.  On the other side, normal modes of A 

symmetry species can show the following different behaviors: 

- the IR intensity of the normal mode of the chain is almost “transferred” to the similar mode 

of the crystal (consider for instance the modes at 918, 1258 and 1482 cm
-1

 of the α crystal); 

- the IR intensity of the normal modes of the isolated chain show a non-negligible decrease 

while going to the similar ones of the crystal; in this case the intensity decrease seems to be 

compensated by an intensity enhancement of other normal modes of the crystal, just  
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belonging  to the A species. As an example, consider the 1182 and 1185 cm
-1

 bands of the α 

crystal, that show a total IR intensity of 56 km/mole (per chain) to be compared with the 

intensity (153 km/mol) of the similar mode of the single chain at 1155 cm
-1

: this intensity 

depletion while passing to the crystal is partially compensated by the occurrence of the 1280 

cm
-1

 band (25 km/mol) which in turns is correlated to a weakly IR active A1 mode of the 

single chain (0.5 km/mol) at 1261 cm
-1

. This last feature can be simply ascribed to the 

(already mentioned) effect of mode remixing, occurring in the crystal, as proven considering 

the whole set of scores obtained. 

As a further support to the above conclusions some summary data are reported in Table 6, where the 

intensity behavior of the infrared spectrum of 1D model chain  and crystals of NY6  (α and γ forms) 

is illustrated on the basis of global IR intensity values, obtained as sum of the intensities of the 

selected transitions analyzed in Tables 4, 5.  In Table 6 contribution from normal modes of the 

symmetry species A and B are presented separately: in this way it is immediate to realize that the 

total intensity associated to the totally symmetric vibrations of the single chain is practically keep 

unaltered in the crystal, while B modes undergo to a remarkable intensity enhancement in the 

crystal.  In order to prove that this peculiar behavior is neither related to the (quite arbitrary) 

selection of bands made in Tables 4, 5 (selection of the markers bands and of the strongest  IR 

features of the  crystals) nor to the selection of the normal modes of  the 1D model chain (based on 

the similarity criterion),  we show in Table 6 IR intensity data obtained by summing over the whole 

spectral regions analyzed in Tables 4 and 5, without any preliminary selection of bands both for 

crystals and 1D model chains. These data confirm the trends already described,  for both α and γ 

polymorphs. 

Accordingly, it seems quite clear that the strong intermolecular interactions arising by the formation 

of inter-chain H bonds affect, in a selective way, the IR intensity of normal vibrations transversal 

with respect to the chain axis (i.e. B normal modes), as expected due to the H bonds geometrical 

arrangement.  An extended and deeper analysis based on internal and cartesian intensity 

parameters
25 

would be required to give further insights on this behaviour. 

 

 

Table 4: Correspondence between the normal modes associated to the main IR transitions of the α 

polymorph of NY6 and normal modes of the 1D model chain in “α-type” conformation. 

Frequencies values reported in the table are scaled of 0.9614 (region above 1100 cm
-1

) and 0.975 

respectively  (region below 1100 cm
-1

). In squared parentheses, IR intensity values normalized to 

the number of chains in the unit cell of the crystal are reported. 
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crystal isolated chain (1D model chain) 

Freq. 

(cm
-1

) 

IR intens. 

(km/mol) 

Symm.  

species  

Freq 

(cm
-1

) 

IR intens. 

(km/mol) 

Symm 

species 

Eigenvector 

918 (M) 96 [24] A 907 22 A1 

 

946 (M) 70 [18] B 931 1 B1 

 

955 (M) 21[7] B 948 3 B2 

 

1021 (M) 35 [9] B 1009 0 (0.06) B1 

 

1106 42 [14] A 1104 6 A1 

 

1182 (M) 179 [45] 

A 1155 153 A1 

 
1185 45 [11] 

1258 462 [115] A 1228 105 A1 

 

1276 48[12] A 1259 0 A2 

 

1280 100[25] A 1261 0 (0.5) A1 
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1337 48 [12] B 1316 2 B1 

 

1361 274 [69] A 

1341 26 A1 

 

1352 0 (0.2) A1 

 

1421 (M) 326 [81] B 1424 7.01 B1 

 

1444 81[20] A 1441 0 (0.03) A1 

 

1454 73[18] B 1441 1 B1 

 

1469 243[61] 

B 1479 2 B1 

 
1483(M) 157 [39] 

1482 57 [14] A 1479 13 A1 

 

1482 43 [11] 

B 1479 5 B1 

 

1484 60 [30] 
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Table 5: Correspondence between the normal modes associated to the main IR transitions of the γ 

polymorph of NY6 and the normal modes of the 1D model chain in “γ-type” conformation. The 

frequencies values reported in the table are scaled of 0.9614 and 0.975 respectively above and 

below 1100 cm
-1

. In squared parentheses, IR intensity values normalized to the number of chains in 

the unit cell of the crystal are reported. 

 

crystal isolated chain (1D model chain) 

Freq 

(cm
-1

) 

IR intens. 

(km/mol) 

Symm. 

species 

Freq 

(cm
-1

) 

IR intens. 

(km/mol) 

Symm 

species 

eigenvector 

915 (M) 49 [25] Bu 893 4 B 

 

974 (M) 73 [37] Bu 962 1 B 

 

1002 (M) 23 [12] Bu 996 1 B 

 

1113 48 [20] Au 1096  30 A 

 

1152 (M) 121 [61] Bu 1150 7 B 

 

1155 51 [26] Au 1142 1 A 

 

1201 55 [28] Bu 1197 3 B 

 



24 

 

1222 (M) 153 [77] Au 1214 183 A 

 

1262 135 [68] Au 1229 14 A 

 

1291 

1300 

51 [26] 

74 [37] 
Au 

1288 89 A 

 

1291 12 A 

 

1360 192 [96] Au 

1342 39 A 

 

1354 4 A 

 

1429 116 [58] Bu 1438 13 B 

 

1443 81 [41] Bu 1444 0 (0.38) B 

 

1449 102 [61] Bu 1465 11 B 
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Table 6:  Intensity behavior of the infrared spectrum of 1D model chains (single chain)  and 

crystals of NY6 in the α and γ  forms.  In squared parentheses, IR intensity values normalized to the 

number of chains in the unit cell of the crystal are reported.   Data refer to sum of  the IR intensities 

of selected transitions belonging to given spectral range (see text for details). Contribution from 

normal modes of symmetry species A and B are presented separately. 

 

 form NY6  

Frequency 

range  

(cm
-1

) 

Modes selected IR intensity (km/mol) 

A B 

 1-D 

(CHAIN) 

3-D 

(CRYSTAL) 

1-D 

(CHAIN) 

3-D 

(CRYSTAL) 

900-1150 most intense  

+ markers 
28 138 [35] 4 125 [31] 

 all 45 181 [45] 12 169 [42] 

      

1150-1550 most intense  

+ markers 
296 1247 [311] 17 1013 [253] 

 all 402 1550 [388] 23 1240 [310] 

 

γ form NY6 

Frequency 

range 

(cm
-1

) 

Modes selected IR intensity (km/mol) 

 Au Bu 

1-D 

(CHAIN) 

3-D 

(CRYSTAL) 

1-D 

(CHAIN 

3-D 

(CRYSTAL) 

900-1150 most intense  

+ markers 
30 48 [24] 6 145 [72] 

 all 59 83 [41] 20 189 [95] 

      

1150-1550 most intense  

+ markers 
341 657 [328] 34 475 [238] 

 all 511 784 [392] 91 692 [346] 

 

 

Classification of the marker bands: crystallinity and regularity bands. 

Tables 4 and 5 demonstrate that most of the marker bands of both polymorphs are true markers of 

crystallinity: they are indeed associated to modes that show negligible intensities for the single 1D 

models but gain intensity due to the interactions occurring in the crystal. On the other side, some 

bands (e.g the band at 918 and 1182 cm
-1

 for the α form and the 1113 and 1222 cm
-1

 for the γ, all of 

A species) show similar or even lower (normalized) intensities in the crystal than in the polymer 
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chain. These bands can be considered specific markers of the presence of a regular chain possessing 

a transplanar  “α-type” or  a non-planar “γ-type” conformation, since, from one hand, they are well 

correlated (frequency and intensity) to vibrations of the single chain and, on the other hand, they are 

not affected by the characteristic intensity enhancement associated to the formation of the H bonds 

between chains. For this reason we prefer to label the above IR absorptions as “regularity bands” 

instead of “crystallinity bands”. Notice that the experimental marker band of the α  form at 930 cm
-1

 

(computed frequency 918 cm
-1

) found a wide application in the literature for the characterization of 

NY6 polymorphism by means of IR spectroscopy and its classification as a conformation sensitive, 

regularity band is particularly meaningful in this respect.  

In Table 7 the resulting classification of the full list of marker bands of NY6 crystal polymorphs 

(comprehensive of the markers newly proposed in this work) is summarized. 

 

Table 7: Classification of marker bands of NY6 crystal polymorphs. 

experimental 

frequency  

(cm
-1)

 

Previous references DFT-D computed 

frequency (scaled) 

(cm
-1

) 

IR intensity 

(km/mol) 

regularity/ 

crystallinity 

assignment 

     

  form     

  930 All (1b,5,6)   918   96 Regularity 

  950 5b,5e   946   70 Crystallinity 

  960 5a, 5e, 5b, 1b, 6e, 

5f 

  955   21 Crystallinity 

1030 5e, 6e, 5f 1021   35 Crystallinity 

1200 5e 1182 179 Regularity 

1416  1421 326 Crystallinity 

1478  1483 157 Crystallinity 

     

 form     

  915 5a, 6e, 5f   915   49 Crystallinity 

  970 All (1b,5,6) except 

6e 

  974   73 Crystallinity 

1000 6e, 5f 1002   23 Crystallinity 

1170 5e 1152 121 Crystallinity 

1234  1222 153 Regularity 
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The CH stretching region 

A further and interesting insight on the role of the intermolecular interactions in affecting the 

vibrational properties of NY6 can be obtained by comparing the IR spectra of the 1D model chain 

and the crystal in the CH stretching region. In Figure 6, we report the computed IR spectra of the 

crystal and the single polymer chain for both polymorphs, showing that  the α-type and γ-type 1D 

model chains possess CH stretching bands in the same frequency range, while the situation is 

remarkably different for the two crystals. This behaviour was already outlined in the previous 

paragraph also looking to the experimental spectra and it was attributed to the different extent of the 

interactions between >CH2 group of adjacent chains in the two cases. 

α polymorph γ polymorph 

  

 

Figure 6:  Comparison between DFT-D computed IR spectra of the  crystal and 1D model chain of  

the α (left) and γ (right) polymorphs of NY6 in the frequency range 2800-3100 cm
-1

 (frequency 

scaling factor 0.9614). For a correct comparison, the intensities of the crystal have been divided for 

the number of chains in the unit cell. 

 

Figure 6 shows that in the case of the γ form, the shape and intensity of the IR spectrum changes in 

going from the isolated chain to the crystal but, overall, there is not a significant frequency shift. On 

the contrary, in the case of the α crystal, a non-negligible frequency blue shift of the main peak is 

observed with respect to the 1D model chain, thus revealing a stronger intermolecular interaction 

between >CH2 groups of the adjacent chains in this form.     

 

V. Conclusions 

The characterization of polymers structure and of their vibrational properties by means of high level 

quantum chemical approaches is only at its early stages. While molecular dynamics simulations  
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and periodic first principles calculation have been used to investigate the crystal structure of 

macromolecules, very few calculations have been carried out for the determination of the 

vibrational spectra of polymers, due to the fact that quantum chemical calculations are required for 

a reliable determination of the vibrational force field. So far DFT-D or ab-initio calculations have 

been carried out by taking into account small molecular models (i.e. short oligomers), according to 

the so-called “oligomer approach”.
26

 Due to these limitations, the investigation of the vibrational 

properties of polymers and also the vibrational assignments of the IR spectra for practical and 

analytical purposes have been based so far only on purely experimental works or semiempirical 

calculations and a confirmation based on a thoroughly and reliable theoretical investigation is still 

lacking. Indeed, contrasting assignments and interpretations and also some ambiguities are often 

present in the literature.  

Only recently, periodic ab initio calculations of IR spectra of polymers have been presented,
10,12,27

 

thanks in particular to the new computational tools that have been implemented and that are now 

routinely available in few packages. 

In this paper, we used CRYSTAL09 code to carry out DFT-D calculations of the IR spectra of two 

Nylon 6 polymorphs ( and γ forms). The CRYSTAL code is particularly powerful to this aim due 

to the possibility to take into account the full symmetry of the crystal, as required for a reliable band 

assignment and for the subsequent investigation of the polarization properties of the system. 

Furthermore, van der Waals interactions can be taken into account by including Grimme’s 

correction to DFT functionals.
15,16

 The use of a Gaussian basis set further allows a quantum 

description of the system which is more “molecule based” than other approaches such as for 

example the pseudopotential plane wave method. A good description of the crystalline structures 

has been obtained for both the α and γ polymorph of NY6 and the comparison between  DFT-D 

computed and experimental IR spectra of both forms supports the reliability of the method. Some 

marker bands previously found from experimental investigations have been confirmed and 

assigned. Some other assignments have been revised on the basis of the comparison between the 

calculated IR spectrum of the crystal with that of the single chain. In particular the widely used 

marker bands at 930 cm
-1

 and 1200 cm
-1

 of the αform have been shown to be markers of the 

regular trans-planar conformation, not necessarily related to the occurrence of a crystal packing. We 

found that the band at 1170 cm
-1

, assigned in contrasting ways in the literature, is peculiar of the γ 

form. Moreover we have proposed some new marker bands at 1416 and 1478 cm
-1

 for the  form 

and at 1234 cm
-1

 for the γ form. 

The results obtained demonstrate that  quantum chemical calculations of the IR spectra of polymers 

are now viable, they can be applied in a very wide range of problems and can open the way for new 
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applications of the modelling. Indeed, in addition to the straightforward review of the experimental 

assignments and interpretation of the vibrational spectra of many classes of polymer, they might 

provide answer to several open questions.  In the case of nylons, the study of the relative stability of 

the α or γ forms while varying the length of the monomer chemical unit, the characterization of 

other stable crystalline forms, the determination of the crystalline structure of nylons that have not 

been precisely refined based on experimental XRD experiments are just few example where state-

of-the-art computational techniques here exploited could give a significant contribution.  

Furthermore, an increasingly deep insight on the molecular phenomena ruling the chemical-physical 

and mechanical performances of polymer materials is expected to be the direct outcome of these 

computational methodologies. In particular, they are suitable to support to the standard 

characterization techniques in the study of new polymeric system, such as for example 

nanocomposites, electrospun fibers, nanostructured polymer materials currently developed for a 

wide number of innovative applications in many different fields.     

 

Supporting Information Available: 

Additional computational details, tables and discussion about the predictions of the crystal structure. 

Description of the procedure for the eigenvector analysis. Figures reporting the comparison between 

experimental and DFT-D computed IR spectra for both the α and γ polymorphs of nylon 6 in all the 

different frequency ranges and different sets of parameters for Grimme’s correction. Tables of DFT-

D computed frequencies and intensities of α/γ crystals and α-type/γ-type 1D model chains obtained 

for different sets of parameters in Grimme’s correction. Tables of DFT-D computed cell parameters 

and fractional coordinates of α and γ crystals obtained for different sets of parameters in Grimme’s 

correction. Table of score values for the eigenvector analysis of the vibrational modes of the two 

NY6 polymorphs. 

This information is available free of charge via the Internet at http://pubs.acs.org/. 
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