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Abstract:

Terahertz (THz) spectroscopy was used to observe adsorbed water structure and dynamics within

polymer films, ultimately providing a strong rationale for the observed rates of water desorption.

The THz absorption spectra of nylon-6 films undergoes drastic changes during the hydration and

drying process. Additionally, the structural change from vy to o crystals, induced by the hydration,

was observed by the characteristic band of o.-nylon-6 at 6.5 THz. Importantly, the THz spectra of

adsorbed water, as well as deuterated water, within in the nylon films were observed by the

continuous measurement of a-nylon during dehydration. The differential spectra clearly show

three absorption bands of water molecules named Peak I, II and III, which behaved differently

between the H,O and D,O materials. The spectra were assigned using a combination of ab initio

molecular dynamics simulations and solid-state density functional theory calculations, and were

compared to previous spectral assignments of bulk water. The results show that the inclusion of

H>O and DO into polymer films results in a distinct set of spectral features that, while similar in

frequencies to the dynamics of bulk water, represent significantly different motions owing to the

unique chemical environment within the material. These results highlight the significant utility of

using THz spectroscopy to study the hydration dynamics and spectral signature of bound water

in this important class of materials.
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B INTRODUCTION

Due to the rapid developments of technologies related to terahertz (THz) spectroscopy, quick

and precise measurements have become possible in the THz frequency region (0.1 — 10 THz or 3

— 333 cm™), in which organic materials show characteristic spectra (so-called fingerprint

spectra).!? Since those absorption bands are mainly due to the intermolecular vibrational

motion,** THz spectroscopy provides detailed information about intermolecular structures and

intermolecular interactions such as hydrogen bondings.>® Especially for macromolecules, THz

spectra give direct information about higher order conformation and hydrogen bonding networks,

all of which play an important role for their physical and chemical properties. Therefore, THz

spectroscopy is poised to become a powerful tool for research in polymer science.

Low-frequency vibrational spectroscopy of polymers have been studied in far-infrared and

THz frequency regions, and the relationship between THz spectral features and polymer structures

and properties has been studied.” > In our previous studies, the THz spectra of polyesters'®2

21,22

and polyamides*'** were studied. In order to assign the spectra, the vibrational dipole moments

were determined using polarized THz spectroscopy on stretched samples,'®!” and the

experimental THz spectra was compared with low-frequency Raman spectra in order to uncover

the origins of the vibrational modes.'"'® Additionally, quantum mechanical calculations were
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applied to obtain low-frequency vibrational modes. In this regard, the coupling of THz



spectral measurements with ab initio simulations provides unparalleled insight into the forces and

dynamics that drive the properties of materials. Advances in computational resources have

permitted increasingly large calculations to be performed, which has recently proven to be

valuable for a wide-range of applications, including phase-transformation phenomena, organic

semiconducting efficiency, and pharmaceutical stability, to name a few.*2 In those studies, the

structural information obtained by THz spectroscopy is in good agreement with those obtained

by conventional methods, such as differential scanning calorimetry (DSC), NMR, and X-ray

diffraction measurements. Moreover, THz spectroscopy shows great advantages for in sifu

spectroscopy, such as time-lapse monitoring of the isothermal crystallization'”2

or the imaging
of the spatial distribution of higher order structures in the samples.?’

Another advantage of THz spectroscopy is the high sensitivity to water molecules. Water
molecules show intense absorption in THz frequencies due to their large permanent dipole
moment.”®3! Therefore, even small amounts of water contamination in the samples can be
detected by THz spectroscopy. For macromolecules, the THz spectra of adsorbed water has long
been studied, along with the spectral change with the hydration has been studied.*>” In most of
those studies, measurements have been performed using THz-TDS or dielectric spectroscopy, and

only acquired below 3 THz, where only broad spectral changes were observed.’>*!  On the other

hand, THz spectra above 4 THz provides significantly more detailed information about water



dynamics, because in those frequencies, intermolecular vibrational motion (S band at 5.2 THz)

and libration motion (L; and L, bands at 12 and 20 THz) are observed.?® In our previous paper,

THz spectra of hydrated polymer films were measured from 1-9 THz, and dynamics of bound

water were discussed by the intensity ratio between vibrational and librational modes.

In this study, the hydration of nylon-6 films was observed with THz spectroscopy. Nylon-6 is

a crystalline polymer used in various industrial applications. The structure of nylon-6 consists of

amide groups that form a NH---CO hydrogen bonding network between polymer chains, which

makes nylon-6 hydrophilic. In 1960’s, Puffr et al. proposed the structure model of water in

polyamides as three types of water molecules.*® The first type forms double hydrogen bonds with

the CO groups, the second forms hydrogen bonds with both the CO and NH groups, and the third

exhibits no hydrogen bonds with nylon.** After that, the dynamics and structure of adsorbed water

in nylon-6 has been studied using neutron and X-ray scattering,**** NMR,** infrared

spectroscopy*4748

and ab initio molecular dynamics (AIMD) simulations,* but never with low-
frequency vibrational spectroscopy, which is much more sensitive to intermolecular interactions
than other techniques.

In this paper, the THz spectra of hydration of nylon-6 is first observed. The nylon-6 samples

were hydrated by both H>O and D0, and the spectra corresponding to bound water was observed

by taking the difference between the hydrated and dehydrated samples. The spectral features of



the hydrated water were resolved into three Gaussian functions. For the assignment of THz

spectra, ab initio molecular dynamics (AIMD) and solid-state density functional theory (DFT)

simulations were performed. Through the intensity change of the observed bands, the dynamics

of adsorbed water molecules is discussed. Finally, the insight gained through the assignment of

the low-frequency spectra provides a concise description for the rate of hydration and dehydration

in these materials, highlighting the utility of THz spectroscopy for characterizing such phenomena.

B RESULTS AND DISCUSSION

Crystallization of nylon-6 induced by hydration.

In amorphous polymers that are capable of hydrogen bonding, adsorption of water molecules acts

as a plasticizer to lower the glass transition temperature (Ty). When stored below T,, the

movement of the individual polymer chains is suppressed, which results in metastable to stable

structures. However, when the T, of hydrated nylon-6 is lower than the environmental temperature,

increased molecular mobility results in an decrease in the amorphous structure and a concomitant

increase in the a-crystalline structure.*® Thus, it is of critical importance that the role of water on

the structure and dynamics of amorphous polymers be uncovered in order to more effectively use

such materials in advanced applications.

Figure 1 shows the terahertz absorption spectra of nylon-6 stored in different relative humidities.



The THz spectra are measured after (i) the samples were vacuum dried at 40 °C for 1 week, (ii)

the samples were stored in the hydration chamber for 1 week, and (iii) after the samples were

vacuum dried again at 40 °C for 1 week. The humidity of the hydration chamber was controlled

by a saturated solution of (a) KCOOCH;3 (22 %RH) and (b) NaCl (76 %RH), respectively. The

initial spectra (i) show no absorption bands at 6.5 THz, and shows a similar spectral shape as y-

nylon-6, as observed in our previous stidues.?!?> The THz spectra clearly show that our sample

preparation results in nylon-6 films containing both amorphous and y-crystalline structures.

After the samples are hydrated for 1 week (ii), the absorbance increases in 3-9 THz due to the

water molecules adsorbed in the samples. In addition, a band structure appears at 6.5 THz in the

spectra of (b). This band is known as a characteristic band for o-nylon-6,%!** and this band does

not disappear after the samples are vacuum dried again. This result shows that the y—a. crystalline

change is induced by the hydration in the 76 %RH chamber. In this study, cycles of drying and

hydration process are performed for each sample in the vacuum dried chamber (40 °C) and the

hydration chamber (100 %RH), to make their macromolecular structure in equilibrium for the

water adsorption.
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Figure 1 Terahertz absorption spectra of nylon-6 stored in different humidity. (a) Vacuum dried

nylon-6 film was stored in 22 %RH for 1 week and then vacuum dried for 1 week. (b) Vacuum

dried nylon-6 film was stored in 76 %RH for 1 week and then vacuum dried for 1 week.

THz spectra of bound water in nylon 6 films during desorption. THz spectra of bound

water in the nylon 6 films during drying the sample were measured. The nylon samples are
9



hydrated in the chamber saturated with water (H,O or D,O) vapor (100 %RH) for 1 week and

then THz spectra were measured continuously in the sample chamber of the Fourier transform

far-infrared (FT-FIR) spectrometer, which was purged by continuous flow of nitrogen gas (20

L/min). The hydrated samples were dried out continuously, and thus THz spectra of nylon-6 with

different water content are obtained. First, weight loss of the sample in the chamber was measured

to evaluate water content in the sample. Figure 2 shows the temporal change of the water content

in the nylon-6 sample as a function of time. The percentage of the water content was least squares

fitted by a double exponential function as,

y =51 exp(— t/13.3) + 5.8 exp(— t/193) (D

where ¢ is time in minutes and y is the water content in weight %, respectively. The initial water

content of the sample is approximately 10 %. The fast component of the water desorption occurs

in 10 minutes, and slow desorption occurs in 3 hours.

10
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Figure 2 Water content of the nylon-6 in the sample chamber of FT-IR. The sample was hydrated

in the 100% humidity for 2 weeks and dried in the sample chamber.

Figure 3 (a) shows the THz absorption spectra of nylon-6 before hydration (black line) and
those after hydration by H,O. The samples are dried in the chamber and THz spectra were
measured every 10 minutes. Figure 3 (b) shows the differential spectra (Ac) obtained by
subtracting the spectra before and after hydration.’® The spectral features that appear in Aa, are
completely different from those of nylon-6, as Aa. is mainly due to the absorbed water molecules
in the nylon films. The same experiment was performed for D>O and the results were compared.
Figure 4 shows THz absorption spectra and Aa of the nylon-6 film hydrated by D,O. The Aa
pattern shows a different shape from those of H>O. In the spectra of D,O samples, Aa. shows

11



higher absorbance in the higher frequencies.
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Figure 3 (a) THz absorption spectra of nylon-6 before hydration (Black line) and after hydrated
by H>O. Spectra was dried in the chamber for 10 to 310 minutes as shown in the solid arrow. (b)

Differential spectra “Aoa” obtained by subtracting spectra before and after hydration.
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Figure 4 (a) THz absorption spectra of nylon-6 before hydration (Black line) and after hydrated

by D;0. Spectra was dried in the chamber for 7 to 247 minutes as shown in the solid arrow. (b)

Differential spectra “Aa’ obtained by subtracting spectra before and after hydration.
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Absorption bands of bound water in the nylon 6 films. To separate the overlapped bands,

spectra of Ao were fit with Gaussian functions. The black lines in Figure 5 (a) show Aa of H,O

at 10 minutes, and (b) D>O at 7 minutes, respectively. Each spectrum is fit by three Gaussian

functions, labeled as Peak I, II and III, as shown in the colored lines. The residual of the fitting is

shown in the upper panel of each graph. Table I shows the center frequency, full width half

maximum (FWHM) and peak height of the fitted Gaussian functions, respectively.

By comparing the obtained parameters between H,O and D,O, the origin of the vibrational

modes can be deduced. First, the center frequencies of Peak II is close to the frequency of the S

band of the liquid water, which is known as the intermolecular stretching vibration between water

molecules with tetrahedral conformation.?®3! Although the exact value of the oscillating

frequencies differs in the references, the center frequency of this mode always red-shifts by 1-3 %

when changing from H,O to D,0.?**! The obtained center frequencies of the Peak II also shows

a similar isotope shift of about 1 %. Therefore, we initially assign this mode as S band of adsorbed

water.

The center frequencies of Peak I are close in frequency to the intermolecular bending vibration

mode of liquid water. Since this vibration is Raman active, the bands are mainly observed by

Raman and hyper Raman spectroscopy.’®>* The center band position is 1.62 THz (H,O) and 1.56

THz (D-0), respectively.’! In the THz absorption spectra of the liquid water, the band intensity is

14



weak and overlapped with the other absorption features. Recently, Shiraga et al. succeeded in

obtaining the band frequencies by refined fitting model with the stochastic frequency modulation

mode and obtained the center frequencies as 1.34 THz (H,O) and 1.33 THz (D-0), respectively.

Both in the Raman and THz spectroscopy, the center frequency of H»O is higher than that of D,O.

However, the isotope shift is opposite for Peak 1. The center frequency of D,O is 4 % higher than

that of H,O. Therefore, Peak I is not simple intermolecular bending motion between water

molecules, but strongly coupled vibration of water bending mode and the vibration of the nylon

chains.

Peak III, observed around 8 THz, shows large differences in the fitting parameters between

H,O and D;O. In this frequency region, Peak III and the L; band are overlapped and cannot be

resolved by the least squares fitting. It is reported that the center frequency of the L band is 11.9

THz for H>O and 9.5 THz for DO, respectively.”® The tale of the L; band must be overlapping

with Peak III and resulted in changing their lineshapes. As a result, the fitting parameters of D,O

become higher intensity and higher frequency than those of H,O. The original mode of the Peak

111, located around 8 THz, has no corresponding vibrational mode in the spectra of liquid water.

Therefore, the origin of Peak III is not vibration between water molecules but the collective

vibration of water molecules and polymer chains interacting with strong hydrogen bondings.

15



(a)

—qoozlll T T T
S 0.01
 0.00 :
©-0.01
“00f — | :
0.4 F —— 1,0 (10 min.)
Peak I
0.3 Peak 11
3 _ Peak 111
0.2}
0.1F
1 2 3 4 5 6 7 8
Frequency (THz)
_ 002 -_' T T T T T T I
S 0.01f
0,00 |
L -0.01 C i
“ 00k “1
0.5 ——D;0 (7 min) .
[ Peak I
0.4+ Peak 11
2 03'_ Peak 111
02F
0.1
0.0: n PRI RS S BrTTSr A N S iy
1 2 3 4 5 6 7 8

Frequency (THz)

Figure 5 Black lines show (a) Aa of H>O observed at 10 minutes and (b) Ao of D,O observed at

7 minutes, respectively. Each spectrum is fitted by three Gaussian functions as Peak I, I and III.

The spectra shown in the upper panel show residual of fitting functions.
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H,O D,O

Peak | Peak 11 Peak 111 Peak | Peak 11 Peak 111

Frequency (THz) 181(1)  5.02(7)  7.78(8)  1.89(1)  4.97(4)  8.43(4)

FWHM (THz) 1.67(4)  3.01(8) 342) 1764 2.77(8) 4.5(4)

Height 0.110(1)  0342)  032(1) 0.113(1)  0.32(3)  0.504(3)

Table I Frequency, FWHM and peak height of Peak I, II and III fitted by the Gaussian functions

in Figure 4. The numbers in the parenthesis shows the uncertainties in the last digit.

Computational Simulations. In order to gain atomic-level insight into the dynamics occurring

at terahertz frequencies in the hydrated materials, ab initio molecular dynamics (AIMD) and

solid-state density functional theory (DFT) simulations were performed with CP2k. For the AIMD

simulations, an initial simulation box containing eight symmetry independent polymer chains,

each of which contained four polymer subunits, for a total of 608 independent atoms per cell. The

system was subsequently hydrated to a 10% w/w concentration by randomly introducing 20 water

molecules based on a minimum van der Waals radius cutoff methodology. The resulting system

was equilibrated within the isothermal-isobaric (NPT) ensemble for 50 ps, which resulted in a

bulk structure that strayed from crystallinity, at which point the canonical ensemble (NVT) was

used in order to generate an infrared spectrum. The presented IR spectra are a result of taking the

Fourier transform of the dipole moment autocorrelation function.
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The spectra show a general agreement with the experimental data, although the simulated

spectra have more resolvable features than the experimental spectra. This is likely caused by the

limitations of the utilized structural model, which imposes translational symmetry in order to

make use of periodic boundary conditions. Thus, while the structure within the simulation cell is

disordered, technological limitations hinder a fully-disordered model from being generated,

resulting in a pseudo-crystalline simulation. Nonetheless, the simulations provide valuable insight

into the structure and dynamics of both the bound waters, the polymer backbone, and the complex

water-polymer dynamics, all of which can be characterized with atomic-level precision.

Figure 6 presents the result of the vibrational simulations. Particularly, the hydrated nylon

spectrum shows significantly more absorption compared to the anhydrous spectra in the 0 — 3

THz and 5 — 9 THz regions, which is also observed in the experimental data. Also shown in Figure

6 is the difference between the wet and dry nylon spectra, which results in a small peak between

1 — 3 THz and a large peak between 6 — 8 THz, in accordance with the peaks I and III in Aa,

respectively.

In order to assign the spectra, the average positions of the atoms over the last 500 fs of the NVT

trajectory were used as a starting point for geometry optimization calculations using static-DFT

simulations with Cp2k. Upon complete minimization (within the constraint of a fixed unit cell),

frequency calculations were performed within the harmonic approximation.
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Analysis of the vibrational normal modes (animations available in the ESI) corresponding to

the three peak regions described previously provides insight into the water dynamics occurring at

these frequencies. In the low-frequency region (below 3 THz), the observed motions correspond

to highly-collective vibration of the water molecules in concert with much of the polymer

backbone. While the motion of the water molecules is similar in nature to the previously described

intermolecular bending in liquid water, the interaction with the polymer backbone leads to a

diverse set of modes due to the large number of varying interactions that the water molecules

exhibit in this system, with most modes involving external motions (i.e. hindered translations and

rotations). Interestingly, a large majority of the observed motions only involve the weakly-bonded

water molecules, i.e. those that exhibit either no hydrogen bonding or only a single hydrogen

bonding interaction, while those that that are more strongly bound do not participate strongly in

the lowest-frequency dynamics.

At higher frequencies, specifically those between approximately 3-6 THz, the dynamics

occurring in the region involve more local motions that are simultaneously coupled to external

librations. For example, a number of modes represent hindered translations and rotations with a

simultaneous intramolecular component, such as an OH bond stretch. While this region involves

all of the various water molecules, a majority of the modes consist of motions from the more

strongly-bound waters, i.e. those having multiple hydrogen bonding interactions with the polymer

19



helices. As the frequency of the transitions increase, the modes become increasingly more

localized. For example, a major feature observed in the hydrated spectrum around 5.9 THz

corresponds to an intermolecular water libration coupled with a simultaneous O-H bond stretch,

as well as concomitant motion of the polymer backbone. The highest frequency modes, those

occurring above 6 THz, involve much more localized motions of the water molecules, and

specifically those waters that are strongly interacting with the polymer backbone via hydrogen

bonds and spatial proximity. For example, one of the significant features occurring near 8.5 THz

involves concerted H-O-H bending and O-H stretching along the hydrogen bonding coordinate

between the water molecules and the polymer backbone.

The results of the simulations highlight that the motions of the water molecules are generally

comparable between bulk water and the hydrated nylon system, in both mode-type and transition

frequency. However, the introduction of the polymer backbone results in a highly diverse set of

intermolecular interactions, which in turn yields a very large number of IR-active vibrational

modes whose motions increase in complexity and become significantly more collective as

frequency decreases.
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Figure 6 — (a) AIMD simulated THz spectra of nylon-6 and those with bound water (H,O and
D»0) (b) THz spectra of bound water obtained by the difference spectrum between hydrated and

dehydrated nylon.

Intensity change with the water desorption. Figure 6 shows the intensity change of Aa
of (a) H20 and (b) D20 during the desorption of water molecules. The intensities are taken
at the center frequencies of the Peak I-III, respectively, and normalized with the values at
the first data points. All the plots in the Fig. 7 shows similar decay with time as water

content in the Fig. 2. The weight of water loses about 80 % in 4 hours, and similarly, Ao
21



decreases 65-80 % in 4 hours. There is small difference of the decay rate between the

Peak origins. The intensity of Peak I always decays faster than Peaks II and III. After 4

hours of desorption, the intensities differ by about 10 %. This result suggests that Peaks

originates in different type of water molecules. This is in agreement with the ab initio

simulations, which suggest Peak 1 has its origins in loosely bound water, while peaks 2

and 3 arise from more strongly bound molecules.

22



(a)

1.0 —=— 1.8THz
—o—5.0THz ]
0.8 | —— 7.8 THz -
0.6
0.4}
02}
I SN S S I T ST SR T P P T T
0 50 100 150 200 250
1.0 [T L B B
' —=—19THz |
—e—5.0 THz
0.8 N —=—84THz
0.6
0.4
02} .
[T N T [ N T T [ SN SN S SO N T S SR S N T S S
0 50 100 150 200 250

Time (min.)

Figure 7 Intensity of the Aa of (a) H2O and (b)D>O during the desorption of water

molecules. The intensities are taken at the center frequencies of the Peak I-II1, respectively,

and normalized with the values at the first data points.

B CONCLUSION

In conclusion, our results demonstrated the use of THz spectroscopy for the observation
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of water molecules adsorbed in the polymer films. The THz absorption spectra of nylon-

6 films drastically changes their intensity during the hydration and drying process. Also,

the structural change from y to a crystals induced by the hydration was observed by the

characteristic band of a-nylon-6 at 6.5 THz. THz spectra of adsorbed water molecules in

the nylon films were observed by the continuous measurement of a-nylon during the

dehydration. The differential spectra “Aa” clearly shows three absorption bands of water

molecules named Peak I, II and III. By using both H,O and DO, the frequencies and changes

upon dehydration were compared. Additioanlly, through the use of AIMD simulations, the

spectral features could be assigned and interpreted with atomic-level precision. As a result, Peak

IT was assigned as the intermolecular stretching modes of water molecules. Peak 1 was the

intermolecular bending vibrations strongly coupled with the vibration of the nylon chains. Peak

IIT was the collective vibration of water molecules and polymer chains interacting with strong

hydrogen bondings. Thus, detailed dynamics of the water molecules adsorbed in the nylon-6 films

are obtained by the THz spectroscopy and computational simulations. Since THz spectroscopy

gives direct information of the intermolecular dynamics than other spectroscopic methods, it is

expected to become a novel method for the polymer structural analysis. Furthermore, THz

spectroscopy enables in situ measurement for large samples. Unlike DSC or NMR, non-invasive

spectroscopic imaging is possible to detect the water distribution in polymer products. Therefore,
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we expect that THz spectroscopy may be used as a novel diagnosis tool for polymer industries in

the near future.

B Experimental Section

Preparation of the nylon-6 films. Nylon-6 pellets (Sigma Aldrich) were melted on a hot
plate at 250 °C and pressed with an aluminum block for a few minutes. The obtained films were
then cooled down to the room temperature. After the samples were vacuum dried at 40 °C for 1
week, THz spectra of dried samples were measured for references. Next, the sample films are
stored in the humid environments at room temperature controlled by water and saturated solutions
of inorganic salts for 2 weeks.

Measurement of THz spectra. THz absorption spectra were measured by a FT-FIR
spectrometer (JASCO: FARIS). The film samples are placed on a sample holder which is tilted
against THz beam path. The tilt angle is adjusted as Brewster’s angle to minimize the multi-
reflection inside the sample, which causes fringe in the absorption spectrum. Detail of the
Brewster’s angle sample holder is written in elsewhere.*® THz absorption spectra were measured
for 1-9 THz with a high-pressure mercury lamp as the light source, a wire-grid beam splitter, and
a superconducting bolometer (QMC: QNbB/PTC). Each spectrum was measured with spectral
resolution of 0.06 THz, accumulated for 360 scans.

25



ab initio simulations. The freely available CP2k software package was used for all
simulations, which made use of three-dimensional periodic boundary conditions.**** The Perdew-
Burke-Ernzerhof (PBE) density functional® coupled with the dispersion correction of Grimme
(Grimme-D3%%%7) and all atoms were represented using the double-zeta DZVP basis set. * AIMD
simulations were performed within the isobaric-isothermal (NPT) and canonical ensemble (NVT),
with the temperature maintained at 300 K using a Nose-Hoover chain thermostat.’*-¢! The initial
structure was based off the previously published experimental X-ray diffraction structure, ¢ with
hydrogen positions added where appropriate. The NPT simulations were performed using a
timestep of 1 fs, and were equilibrated for 20 ps prior to performing the NVT simulations. The
NVT simulations were performed using a timestep of 0.5 fs, and were equilibrated for 5 ps prior
to performing the production run for 30 ps (35 ps total). The molecular dipole moments were
determined by calculating localized Wannier functions every 2.5 ps, and the resulting IR spectra
for the simulation determined by taking the Fourier transform of the dipole moment
autocorrelation function using the Travis postprocessing software, as previously described. %
The final structure (averaged from the last 500 fs of the AIMD simulations) was used to initialize
geometry optimizations, which were performed with a fixed unit cell. Static frequencies were

determined within the harmonic approximation by numerical differentiation.%¢”
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