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Abstract 

 

Understanding interfacial interactions in polymer systems is crucial for their applicability for 

instance in adhesives and coatings. Enclosing polymers in a cylindrical volume provides a 

system for studying interactions dictated by a continuous interfacial layer and a bulk-like 

volume in the middle of the cylinders. Here, we describe a simple method for enclosing 

polymers into boron nitride nanotubes (BNNTs) and establishing the effect of the interfacial 

interactions on the glass transition temperature (Tg) of the polymers by infrared spectroscopy. 

The volume of the inner channel is large in comparison to the volume of the loaded polymer 

coils, allowing the polymer to expand along the inner channel, resulting in the effect of 

interfacial interactions on polymer dynamics dominating over confinement effects. As 

examples, we loaded poly(4-vinyl pyridine), poly(methyl methacrylate), poly(vinyl 

pyrrolidone), and poly(disperse red 1 acrylate) in BNNTs. The strongest interaction between 

the studied polymer and BNNTs was observed for poly(4-vinyl pyridine), which also caused a 
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significant increase of Tg. In addition to characterizing the effect of interfacial interactions on 

the thermal transitions of the polymers, this method, which is generalizable to most soluble 

polymer materials, can be used for studying photoinduced transitions in photoactive polymers 

thanks to the transparency of the BNNTs at visible wavelengths.  

 
1. Introduction 

 

Polymers in enclosed spaces are common in our everyday lives, from adhesives, lubrication 

systems, and coatings to biological microstructures.[1,2] In these cases, the importance of 

interfacial interactions between the confining surface and the polymer becomes more and 

more dominant with decreasing volume of the cavity. Thin films (15-300 nm) of polymers 

(poly(isobutyl methacrylate) and polystyrene) on a flat silicon surface have been modelled as 

consisting of three regions with different viscosities: an interfacial layer adjacent to the 

substrate, a bulk-like intermediate layer, and a top mobile layer (second interfacial layer), as 

determined from polymer diffusivity data obtained from fluorescence recovery after patterned 

photobleaching.[3] Furthermore, localized Tg measurements have shown that there is a gradient 

of Tg ranging from the free surface to tens of nm deep in the interior of a thin film.[4,5] To 

complicate things further, the diverse ways in which different measurement techniques 

average this phenomenon into one single Tg makes it difficult to directly compare results for 

thin nanoconfined films. In addition, trapping polymers in spaces comparable to their 

molecular dimensions (< 100 nm) can alter their physical properties as compared to those in 

the bulk.[3,6–10] Computational modeling has shown that the radius of gyration of linear or star 

polymers decreases upon squeezing them between two walls, as the polymer conformation 

changes from three-dimensional to virtually two-dimensional.[2] 

 

Even when taking into account the above-mentioned experimental challenges, a majority of 

the work dedicated to the impact of interfacial interactions and spatial confinement on glass 
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transition, diffusivity, effective viscosity, and related mechanical properties of polymer films, 

has been done in planar geometries in which films are either free-standing, supported by a 

solid substrate from one side, or squeezed in between the surfaces of two similar or dissimilar 

planar substrates. Even though seemingly contradictory results have been obtained, 

potentially partially related to the difficulty in comparing the results coming from different 

indirect measurement methodologies,[11] there is ample evidence that surfaces and interfaces 

modify the polymer dynamics relevant to glass transition in the intermediate regions of 

polymers.[12] The method we introduce here, the confinement of polymers in a cylindrical 

volume, eliminates the problems of having two interfacial layers with differing interfacial 

interactions and thus allows us to examine the impact of a single defined interface on polymer 

dynamics.  

 

Attenuated total reflection infrared (ATR-IR) spectroscopy is a simple and broadly available 

sampling method that provides chemical selectivity for probing supramolecular interactions in 

structured materials. It readily allows temperature-controlled measurements to determine 

spectroscopic Tg values, due to the discontinuity in the coefficient of the thermal expansion 

coefficient at Tg that often leads to band shifts with a second order-like temperature 

dependence, including when the polymer is spatially confined.[13–21] Moreover, this data can 

be directly correlated by the temperature behavior of the supramolecular interactions at the 

interface between the amorphous polymer and confining material surface. ATR-IR can also be 

combined with in situ irradiation or other types of sample perturbations to probe their impact 

on polymer interactions or dynamics. Herein, we chose to load polymers in boron nitride 

nanotubes (BNNT), with a diameter of 44 nm, to study the thermal behavior of several 

polymers and their interfacial supramolecular interactions.[22] BNNTs are structural analogues 

of carbon nanotubes (CNT), with excellent mechanical and chemical stability, high thermal 

conductivity, and low thermal expansion coefficient (3.5 × 10−5 K−1).[23–27] In addition, 
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BNNTs have only a few IR absorption bands that leave open large spectral windows to study 

the characteristic polymer absorption bands.[28] 

 

Due to the delocalization of electrons over the boron-nitrogen bonds, BNNTs interact strongly 

with nitrogen-containing compounds.[29–33] Amines are bound from their electron-rich 

nitrogen to the electron deficient boron atoms of the BNNTs by coordination bonds (Eads = -

32.8 to -92.6 kJ/mol).[34–37] Hence, proteins and polymers containing amines have a high 

affinity towards BNNTs.7,10 For comparison, proteins and amino acids bind to CNT by far 

weaker hydrophobic and van der Waals interactions.[38] Glycine and ethanolamine has been 

used as non-destructive aids to disperse the hydrophobic BNNTs in various media.[29,39–41] 

Stable dispersion of the BNNTs also provided an opportunity to cut and load them with 

compounds.[29,39,40,42] Other dispersion methods are less favorable since they use harsh 

oxidative conditions that damage the BNNTs.[42–51] Thus, for our study, BNNTs form an 

enclosing surface capable of accepting coordination bonds, and thus immobilizing electron 

donating chemical groups. 

 

To demonstrate the generalizability of our method and to investigate the effect of interfacial 

interactions on the Tg, we measured the spectroscopic Tg of several polymers: poly(4-vinyl 

pyridine) (P4VP), poly(methyl methacrylate) (PMMA), poly(vinyl pyrrolidone) (PVP), and 

poly(disperse red 1 acrylate) (PDR1A) loaded in BNNTs. P4VP, PDR1A, and PVP all have 

nitrogen atoms, which can strongly interact with the BNNTs, whereas PMMA contains no 

groups (aromatic or amino) expected to form specific chemical interactions with the BNNTs. 

Our results show that for P4VP, which interacts strongly with the surface of the BNNTs, the 

Tg was initially higher in the BNNTs than what was observed for free polymer. Our method 

provides a possibility to simultaneously follow the nature and the strength of supramolecular 
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interactions to Tg, has a comparative advantage to state-of-the art measurements of Tg by 

differential scanning calorimetry. 

 

2. Results and discussion 

2.1 BNNTs loaded with polymers 

Liquids with a low surface tension can readily enter cut BNNTs. The loading, illustrated in 

Figure 1A, is governed by capillary forces, which are affected by the surface tension of the 

liquid and the wetting of the BNNT inner walls. Evidently, the chosen solvent should be a 

good solvent for the loaded substance and additionally, the solvent should also solubilize 

atmospheric gases trapped inside the BNNTs. Therefore, reducing the pressure eases the 

filling of halloysite, CNTs, and BNNTs with liquids.[40,52–56] Chloroform (for P4VP), 

methanol (for PVP), or tetrahydrofuran (for PMMA and PDR1A) were used for solubilizing 

and loading the polymers in BNNTs. All these solvents have low surface tensions (27.5, 22.7, 

and 26.4 mN/m, respectively). The concentration of the polymer solution should be as high as 

possible to increase polymer loading in the BNNTs, yet low enough so that viscosity does not 

preclude penetration of the solution within the tubes. As a compromise, we kept the polymer 

concentrations at 200 mg/mL. 

 

The loading of the polymers in ethanolamine-functionalized Cut-BNNTs was confirmed by 

TEM (Supporting Information, Figure S1). The ethanolamine functionalization is a simple 

method to increase the dispersibility of BNNTs in various solvents, a vital step to cut and load 

the BNNTs.[41] We chose to use ethanolamine over glycine so that the BNNTs would not 

become negatively charged by the glycine,[29] to avoid ionic interactions between the nitrogen 

containing polymers and the BNNTs. FT-IR of the samples show no characteristic absorbance 

bands for ethanolamine (N-H bending at 1665 cm-1 and C-N stretching at 1065 cm-1) after the 

loading process with excessive washing and sonication (Supporting Information, Figure S2). 
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Hence, the interactions between the boron atoms in the BNNTs and the polymers will be 

dominant over possible hydrogen bonding between remaining ethanolamine and the polymers. 

The absence of interactions between PMMA and the BNNTs, discussed later in this paper, 

confirms that interactions originating from ethanolamine are negligible.  However, the FT-IR 

absorbance bands will include both the thin layer of polymer outside the BNNTs, as well as 

the polymer inside the BNNTs. Dark sections, separated by lighter sections, can be observed 

in the TEM micrograph of Figure 1C for BNNTs loaded with PMMA and Supporting 

Information Figure S1 for BNNTs loaded with the four polymers. The dark sections represent 

the dry polymer separated by air. It should be noted that the menisci of the polymers are 

concave, indicating that the solvents were able to wet the surface, analogously to when 

BNNTs are loaded with small molecular compounds.[40–42] 
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Figure 1. A. Scheme of the loading process under reduced pressure: (I) Cut BNNTs, (II) 

BNNTs dispersed in a polymer solution under reduced pressure, (III) loaded BNNTs after 

washing, and (IV) loaded BNNTs after drying in vacuo. B. Chemical structures of the 
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polymers loaded in BNNTs. C. TEM micrograph visualizing polymer (PMMA) loaded inside 

a BNNT. 

2.2 IR investigations of polymers loaded in BNNTs 

The presence of the polymers can be observed in the IR spectra of the loaded BNNTs. In 

contrast, bands characteristic of the solvents used in the loading process were not observed 

(Figure 2). The formation of interactions between P4VP and the BNNTs at low temperature 

(40 °C) is revealed by the presence of a shoulder at 1008 cm-1 on the 993 cm-1 band (Figure 

2B). For comparison, in the spectra of pure P4VP, no shoulder can be observed on the 993 

cm-1 band (Figure 2C). Other views are provided in Figure S3 of the Supporting Information. 

 

The 993 cm-1 pyridine band is known to shift to higher position upon hydrogen bonding, 

halogen bonding with a donating group, protonation, or participation in a charge-transfer 

complex, with the magnitude of the shift depending on the strength of the interaction.[57,58] 

Wang et al. used the intensities of the 993 and 1008 cm-1 bands to calculate the fraction P4VP 

hydrogen bonded to 4,4’-biphenol.[59] The shoulder observed at 1008 cm-1 thus indicates a 

partial supramolecular binding of the polymer from the nitrogen in P4VP to a boron atom in 

the BNNTs. Increasing the temperature to 160 °C provokes a strong decrease of this shoulder 

so that it can be concluded that these supramolecular interactions can be mostly broken by 

heating the sample. 
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Figure 2. IR spectra of BNNTs, P4VP, and BNNT-P4VP (A), P4VP-loaded BNNTs showing 

evidence of temperature-dependant intermolecular interactions (1008-cm-1 shoulder, B). Only 

minute changes are observed for pure P4VP (C). 

Considering the weakness of the polymer bands in the IR spectra (Figure 2A), it is essential to 

optimize the sampling volume to obtain reliable measurements. Considering that the radius of 

the tubes is 22 nm, the loaded polymer can be thought of as the equivalent of a 22 nm thin 

film on a boron nitride surface, but rolled up inside a cylindrical geometry. This leads to a 

clear sampling advantage compared to a thin film geometry because several layers of BNNT 

can be piled up in the sampling volume, instead of a single one, while preserving the ultrathin 

film conditions. If we assume that a thickness of 1.9 µm is probed (considering the 

penetration depth of the ATR under the conditions used), that the dried BNNT dispersion 

occupies only 50 % of the sampled volume, and that the polymer chains only fill 25 % of the 

BNNT, the polymer content in the sampled volume is approximately 10 times in BNNTs 

compared to a planar thin film. 

BNNTs have three strong absorption bands at 807, 1367, and 1522 cm-1 (Figure 2A). The 

band at 807 cm-1 can be attributed to B-N vibration perpendicular to the BNNT axis and the 

bands at 1367 and 1522 cm-1 to longitudinal and transverse in-plane stretching modes, 

respectively.[60–62] The 1367 and 1522 cm-1 bands overlap with several of the bands 

originating from P4VP. However, the pyridine ring deformation at 993 cm-1 is visible and 

does not overlap with BNNT bands (Figure 2). 
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Figure 3. The position of the pyridine deformation band at 993 cm-1 for P4VP (A) and 

BNNT-P4VP (B) as a function of temperature for three temperature ramps of a sample, with 

the Tg indicated for each ramp. The change in the slope of the peak position indicates the glass 

transition temperature for the polymer. 

 

The 993 cm-1 band was used to determine the Tg of pure P4VP and BNNT-P4VP, from three 

temperature ramps of the same sample. In both cases, the band shifts almost linearly to lower 

wavenumbers with increasing temperature until there is a change of the slope in the linear 

decrease at the glass transition temperature, which can be determined from the intersection of 

two lines fitted to the data points (Figure 3). The spectroscopic Tg of P4VP was determined as 

73 °C (Figure 3A and Table 1) while the Tg of BNNT-P4VP was observed to be significantly 

higher at 87 °C (Figure 3B), but to gradually decrease from 87 to 76 °C from the first to the 

third heating cycle. In contrast, no change in the Tg was observed for the pure polymer 

between three consecutive ramps (Figure 3A). The average band position was shifted from 

993 (P4VP) to 998 cm-1 (BNNT-P4VP) at 40 °C due to the presence of the high-wavenumber 

shoulder due to pyridine interactions with the BNNT surface. The 993 cm-1 pyridine band is 

known to shift to higher wavenumbers upon interactions of the pyridine ring with electron 

acceptors.[57,63,64] Interestingly, the position of this band shifts to lower wavenumbers with 
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each consecutive run, indicating that the polymer is in a metastable state after the loading 

procedure, and that the fraction of pyridine rings interacting with the BNNT surface decreases 

when the polymer rearranges in the BNNTs (Supporting Information, Figure S3).  

 

Polymers containing amines are bound to BNNTs from the electron-rich nitrogen to the 

electron deficient boron atoms of the BNNTs.[30,33–37] The high adsorption energies (Eads = -

32.8 to -92.6 kJ/mol) indicate that the formed coordination bonds are of chemical nature and 

the binding energy increases with the number of amino groups.[34]  Conjugated polymers and 

compounds are also bound to BNNTs via π–π interactions, which can facilitate charge transfer 

between the BNNTs and the polymers.[65–69] In the case of BNNT-P4VP, both coordination 

bonding and π–π interactions are present. Upon heating BNNT-P4VP above its Tg the 

polymer rearranges itself. The interactions between the pyridine ring and boron nitride are 

broken by the thermal motion and replaced by intra and intermolecular interactions with 

neighboring polymers. This rearrangement is seen as a decrease in the Tg of the material, a 

shift in the position of the band at 993 cm-1, and the strong attenuation of the shoulder at 1008 

cm-1. Upon cooling the mobility of the polymers is reduced and the reformation of BNNT-

P4VP bonding is less likely to occur. It should also be noted that the polymers were 

introduced into the BNNTs as a solution, and during the evaporation of the solvent polymer 

chains were spread along the BNNT surface leaving the polymer in a metastable state. 

 

Jiang et al. showed recently how the Tg of polymers is increased by polymer-solid 

interactions, due to the interactions slowing down molecular movement of the adsorbed 

polymers.[70] They observed that the Tg of poly(2-vinyl pyridine) (P2VP) in a thin film on 

SiO2 is radically higher for the polymers that interact with the SiO2 surface compared to the 

other parts of the film. The Tg of the P2VP adhered to the SiO2 was 203 °C, whereas the Tg for 

the bulk-like layer in the P2VP film was 98 °C.[70] A similar change in Tg was also observed 
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for polystyrene. These observations loosely resemble what we found for P4VP in BNNTs. 

Jiang et al. have also shown that the annealing of flattened and adhered polymers on a surface, 

above the Tg of the bulk polymer, causes the interaction between the polymers and the surface 

to change and to provoke the formation droplet-like structures. They also concluded that the 

droplet-forming process is affected by the interfacial interactions.[70,71] In our case, the change 

in the interactions between P4VP and the BNNT surface due to annealing can be seen as a 

decrease in the Tg from 87 to 76 °C for BNNT-P4VP between consecutive heating cycles. 

 

Polymers can also be trapped in metastable states on a surface after annealing the polymer. 

Polystyrene has been shown to spread along an aluminum surface during long annealing (50 

min).[72] P4VP interacts strongly with the tube surface, hence we can expect the polymer to be 

kinetically trapped in a metastable state before the first heating. On heating the polymer above 

its Tg, the coils gradually tend toward their equilibrium state. However, this relaxation process 

is slow and the Tg approaches the value of bulk P4VP only after three heating cycles. Hence, 

the spreading of polymers along the tube surface during the anneal is expected to be 

negligible.  

 

We also note that although we observe a slight increase in the Tg of BNNT-P4VP compared 

with bulk P4VP, an increase in Tg is not granted for thin films along solid interfaces. For 

instance, Chen et al. reported an 8-10 °C (2%) lower Tg for a 15 nm thick polystyrene film 

compared to the Tg of bulk, due to entropy of the film body. [73] 
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Material 
Tg (°C) 

DSC IR 

P4VP 89 (±1) 73 (±1) 

BNNT‐P4VP ‐ 81 (±6) 

PMMA  114 (±1)  108 (±3) 

BNNT‐PMMA  ‐  111 (±1) 

PVP  116 (±1)  67 (±2) 

BNNT‐PVP  ‐  63 (±2) 

PDR1A  85*  83 (±1) 

 

Table 1. Comparison of the glass transition temperatures (Tg) of P4VP, BNNT-P4VP, 

PMMA, BNNT-PMMA, PVP, BNNT-PVP, and PDR1A determined by DSC or IR 

spectroscopy. *The Tg of PDR1A measured by DSC was reported previously by Vapaavuori 

et al.[21] 

 

The Tg of PMMA was determined to be 108 °C from the IR spectra for three different samples 

of the polymer (Figure 4), close to what was measured by DSC (114 °C). The Tg of PMMA 

loaded in the BNNTs was determined to be 111 °C for two samples (Supporting Information, 

Figure S4). As discussed in Supporting Information, similar results were obtained for pure 

PMMA using shifts in band position and changes in band intensity, but the former provided 

more easily quantifiable results for BNNT-PMMA. 

 

A slight shift to lower wavenumbers (0.4 cm-1) of the carbonyl band is observed for BNNT-

PMMA, in comparison to PMMA. The position of the carbonyl stretching band is sensitive to 

interactions and is observed to shift by several wavenumbers to lower values in the presence 

of electron deficient compounds.[74,75] In addition, both measured Tg values for PMMA (108 

°C) and BNNT-PMMA (111 °C) are within the error margins (±3 °C) of the method. This 

small shift of the band indicates that there are no strong interactions between PMMA and the 
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BNNTs nor between PMMA and any remaining ethanolamine on the surface of the BNNTs. 

Since this observation correlates well with the polymers Tg being independent of whether in 

bulk or enclosed in a nanotube (as well as the Tg in the nanotube not changing between the 

number of heating cycles), we have further evidence for that the observed effect on the Tg for 

P4VP is due to the stronger supramolecular interaction hindering the polymer dynamics, not 

due to nanoconfinement effect. 

 

The PMMA was synthesized via ATRP, for controlled synthesis with regards to molecular 

weight distribution, but also of the end groups. The initiating species in the synthesis leaves 

the PMMA with an ethyl ester at one end of the polymer and a tertiary haloalkane (bromine) 

at the other end. Neither of them is expected to have strong interactions with the nanotubes, 

hence the PMMA will not be tethered from the end groups to the nanotubes. Similarly, a 

tethering effect by the end groups (alkane and phenyl groups) is not expected to occur for the 

above-described BNNT-P4VP system, based on the information provided by the P4VP 

supplier. 
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Figure 4. Carbonyl stretching region of the IR spectra of BNNTs, PMMA, and BNNT-

PMMA (A), and the position of the carbonyl stretching band of PMMA as a function of 

temperature (B), with the Tg indicated for the pure PMMA and BNNT-PMMA samples. 

Heating a sample in a condensed phase usually leads to a reduction in its intermolecular 

interactions because of increases in specific volume and random molecular motions. An 

exception to this is when cold crystallization occurs on heating above Tg, which is not the case 

for atactic PMMA. In the case of carbonyl groups, dipole-dipole interactions tend to decrease 

the force constant of the C=O bond, which in turn tends to decrease the frequency of the 

carbonyl stretching band. Conversely, reducing these interactions by heating the sample tends 

to increase the force constant and thus the wavenumber at which the band appears (Figure 

4B). The effect observed is small because the dipole-dipole interactions are weak compared to  

stronger intermolecular interactions such as hydrogen bonds. For example, the carbonyl 

stretching band of PMMA was found to shift by 26 cm-1 toward lower wavenumbers upon 

forming H-bonds with poly(vinylphenol).[76]  

 

The Tg of PVP and BNNT-PVP were determined as 67 and 63 °C, respectively, from the IR 

spectra (Figure 5). These values are significantly lower than the Tg of 116 °C determined by 

DSC. PVP is a very hygroscopic polymer and the absorption of water into the polymer is 

known to significantly decrease its Tg.[77] The samples were drop-casted on the ATR-crystal 

from a solution in methanol and the water absorbed, from air and methanol, into the polymer 

during the evaporation of the solvent could not be removed by heating the sample to 160 °C. 

Characteristic bands for water are observed at 3400 cm-1 (Supporting Information, Figure S5). 

 

The Amide I band of PVP, observed at 1679 cm-1 in PVP-BNNT (Supporting Information, 

Figure S6), is a combined mode of C=O and C-N stretching, and dipole-dipole interactions or 
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hydrogen bonding are both known to shift this band.[78] In our case, hydrogen bonds between 

residual water and PVP dominate over interactions between PVP and the BNNTs.  
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Figure 5. The Amide I band position of BNNT-PVP and PVP as a function of temperature for 

three temperature ramps of a sample, with the Tg indicated. 

The C-H in-plane bending and ring deformation combined with C-N stretching absorbance 

bands of photoresponsive azobenzene containing PDR1A, observed at 1102 and 1128 cm-1, 

shift to 1106 and 1135 cm-1 when the polymer is loaded inside the BNNTs (Figure 6A), 

which is an indication of the polymer interacting with the BNNTs. Both bands are known to 

be affected by photoisomerization but also from the azobenzene group interacting with its 

environment. In the case of BNNT-PDR1A, the absorption band at 1106 cm-1 is slightly more 

prominent at 40 °C, compared to the sample being heated to 160° (Figure 6B). Indicating the 

polymer interactions between PDR1A and the BNNTS are weaker at 160 °C than at 40 °C. 

The Tg of BNNT-PDR1A could not be determined from the IR spectra due to overlapping of 

the absorbance bands resulting in scattering of the data points (Supporting Information, Figure 

S7 and S8). However, the Tg of the PDR1A polymer was measured by IR as 83 °C and 

recently by DSC as 85 °C.[21] 
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Figure 6. Close up of the C-H in-plane bending and ring deformation absorbance band 

position of PDR1A (A), the same absorbance bands at 40 and 160 °C (top, B), and upon 

illumination with 520 and 450 nm light at 40 °C (bottom, B). 

Photoisomerization of the azobenzene in PDR1A can be induced illuminating by both 450 nm 

and 520 nm light. Due to the transparency of the BNNTs at these wavelengths, we were able 

to observe photoisomerization in-situ by following the 1135 cm-1 absorption band, which is 

slightly diminished and broadened upon illumination, as indicated by Figure 6B.  The 

absorption intensity of the 1106 and 1135 cm-1 bands have been shown to decrease upon light 

induced photoisomerization of the azobenzene to  cis-configuration.[79,80] The broadening of 

the 1106 cm-1 band caused by 450 nm light is similar to what could be observed by heating 

the sample. This broadening of the 1106 cm-1 band could be reversed by 520 nm light (or by 

cooling). Hence, either heat or light could be used to change the interactions or conformation 

of the azobenzene groups loaded in BNNTs. This implies that the BNNTs can also be used as 

model systems for studying the effect of interfacial interactions on the photoresponse of the 

polymer, since the BNNTs are transparent cages at 450 and 520 nm.[81] 

 

As demonstrated by this paper, four different polymer materials were successfully enclosed in 

BNNTs, and we expect this strategy to be generalizable to all soluble polymer materials. The 
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major advantage is that the presented method takes advantage of the vibrational modes, while 

carrying information about the physical molecular environment, directly linked to the glass 

transition temperature of the material, and the chemical interactions of that specific group. 

Hence, the interfacial interactions and the polymer dynamics can be simultaneously measured 

with one simple and accessible method, thus contributing directly to the debate of establishing 

the relationship between these two important phenomena. 

 

The curvature of a surface has been reported to increase the observed Tg of polystyrene. As 

the curvature of the surface is increased for thin films of PS (11-23 nm), the Tg increased from 

88 °C (bulk) to 106 °C (thin film on a 55 nm diameter cavity).[82] We do observe a small 

increase in the Tg of P4VP and PMMA inside the BNNTs compared to the bulk. However, the 

polymer in the BNNTs is present as filled sections with cylinder-like dimensions, compared 

to thin films along the walls of a cylinder. We cannot exclude the effect of the curvature of the 

surface on the Tg, as this study is limited to one sized BNNTs. Due to the small changes in Tg, 

it is likely that other phenomena than the curvature of the BNNTs dominate. If the effect of 

curvature inside the BNNTs is negligible, then the lower curvature of the outside surface of 

the BNNTs should have an even smaller effect. 

 

3. Conclusions 

In this article, we demonstrate how temperature-controlled vibrational spectroscopy can be 

employed on polymers enclosed in boron nitride nanotubes (BNNTs) to simultaneously study 

their supramolecular interfacial interactions and thermal transitions. Only one material-

material interface present in the nanotube, which simplifies resolving the contribution of the 

interfacial interaction from the polymer dynamics as compared with the case of conventional 

nanoconfined (ultra)thin films where two dissimilar interfaces must be taken into 

consideration. Two different scenarios are showcased to demonstrate this methodology. On 
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one hand, polymers making significant supramolecular interactions to BNNT surface present 

different dynamics, as directly observed by an increase in Tg. On the other hand, a model 

polymer for which supramolecular interactions to BNNT are not observed via infrared 

spectroscopy maintains an unchanged Tg upon enclosure into BNNTs. This simple method 

should be generalizable to any soluble polymer material and, thanks to the transparency of the 

BNNTs at visible wavelengths, it can also be used to probe photoinduced transitions in 

enclosed photoactive polymers. A key advantage of the method is that it can simultaneously 

probe the chemical and physical environment of a specific molecular group, thus giving a 

direct handle for establishing the effect of the interfacial interaction on the thermal transitions 

in soft materials. 

 

4. Experimental 

4.1 Materials 

Methyl methacrylate (98%) was distilled under reduced pressure. Acetone, chloroform 

(HPLC) copper(I) bromide (99.998%), cyclohexanone, ethanolamine (98%), ethyl-2-

bromoisobutyrate (98%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), 

isopropanol, methanol, poly(vinyl pyrrolidone) (PVP, 10 000 g/mol), tetrahydrofuran (THF, 

99.9%), and poly(disperse red 1 acrylate) (PDR1A, 5000 g/mol) were obtained from Sigma-

Aldrich and used as received. Poly(4-vinyl pyridine) (P4VP, 3200 g/mol, PDI 1.2) was 

obtained from Polymer Source and used as received. High-purity multiwalled BNNTs were 

synthesized by boron oxide-assisted chemical vapor deposition (BOCVD) as reported 

previously.[23] 

 

4.2 Cut BNNTs 

BNNTs were cut by sonication in a Qsonica Q700 sonicator as follows.[41] The BNNTs (74 

mg) were dispersed in isopropanol (100 mL) by sonication (90% amplitude) pulsing the 
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sample with 15-second bursts of sonication and with 15-second intervals for a total of 1 min 

sonication time. Ethanolamine (22 mL) was added to the dispersion and the same procedure 

was repeated. The excess of ethanolamine was removed by separating the BNNTs from the 

dispersion by centrifugation (14 000 rpm, 1 min). The BNNTs were dispersed in isopropanol 

(40 mL) and the flask was placed in a bath of dry ice/isopropanol to prevent the solvent from 

evaporating during the sonication. The BNNTs were sonicated using 75% amplitude, cycling 

15 seconds on and off, for a total sonication time of 2 hours. The average length and diameter 

of the BNNTs was determined from TEM micrographs (Supporting Information, Figure S2 

and S9) as 2.3 (± 0.8) µm and 44 (± 3) nm. 

 

4.3 Poly(methyl methacrylate) 

The polymerization of methyl methacrylate was conducted as follows by adjusting previously 

described ATRP (atom transfer radical polymerization).[83,84] CuBr (72.4 mg, 0.50 mmol) was 

placed in a vial. In another vial, cyclohexanone (1.0 mL) and 1,1,4,7,10,10-

hexamethyltriethylenetetramine (132 μL, 0.49 mmol) were placed. Both vials were sealed, 

and the vials were flushed with nitrogen gas. After 20 min, contents of the two vials were 

combined under nitrogen atmosphere. In a separate flask, ethyl-2-bromoisobutyrate (132.9 

mg, 0.68 mmol) and methyl methacrylate (3.74 g, 37.4 mmol) were dissolved in 

cyclohexanone (2 mL) and purged with nitrogen (20 min). The solutions were combined 

under nitrogen atmosphere and placed in an oil bath at 60 ˚C for 2 hours. The viscous solution 

was diluted with THF and passed through an aluminum oxide-silica column to remove the 

copper salts. The polymer solution was concentrated, and the polymer was precipitated twice 

in hexane from THF. After drying overnight in vacuo, 2.98 g of polymer was obtained. The 

molecular weight of the polymer was determined by size exclusion chromatography (Mn = 9 

400 g/mol, PDI = 1.06).  
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4.4 Loading BNNTs with polymers 

The cutting, and loading of BNNTs with PMMA, was conducted as reported previously.[40,41] 

Cut BNNTs (2.34 mg) were dispersed in a solution of PMMA in THF (200 mg/mL, 2.5 mL) 

by sonication. The dispersion was cooled in a dry ice/acetone bath for 10 min in a Schlenk 

flask. The pressure in the flask was then gradually lowered to 1/3 atm using a vacuum pump 

for two hours. After detaching the flask from the pump, it was left overnight at room 

temperature to slowly pressurize to atmospheric pressure. The BNNTs were separated by 

centrifugation, dispersed by a 10 second sonication in a water bath, and washed four times 

with THF. After drying overnight in vacuo, the BNNTs were washed again seven times with 

THF. After drying in vacuo, 2.96 mg of BNNTs loaded with PMMA (BNNT-PMMA) were 

obtained. 

 

Similarly, BNNTs were loaded with the other polymers: 2.82 mg BNNTs were loaded in 2.7 

mL PVP solution (200 mg/mL in methanol), 2.98 mg BNNTs were loaded in 2.7 mL P4VP 

solution (200 mg/mL in chloroform), and 2.7 mg BNNTs were loaded in 1.0 mL PDR1A 

solution (200 mg/mL in THF). After loading, all samples were washed at least 10 times with a 

good solvent for the respective polymer. After drying in vacuo, 4.56 mg BNNT-PVP, 5.78 mg 

BNNT-P4VP, and 5.0 mg BNNT-PDR1A were obtained. 

 

4.5 Instruments and methods 

For the IR measurements, the BNNTs were dispersed in 300 µL methanol by sonication. 10 

µL of this dispersion was deposited on the ATR crystal and the methanol left to evaporate. 

Similarly, spectra of pure polymer were measured from a 10  µL drop of the respective 

polymer solution (200 mg/mL). Spectra were recorded using a Tensor 27 FT-IR spectrometer 

(Bruker Optics) equipped with a liquid-nitrogen-cooled MCT detector by averaging 100 scans 
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with a 4 cm-1 resolution. Measurements were conducted using a Heated Golden Gate (Specac) 

diamond ATR accessory. The stage was heated to 160 °C, annealed for 2 minutes, and cooled 

to 40 °C (2 °C/min) while measuring spectra every 2 °C. Triplicates of most samples were 

measured. The spectra were collected and analysed with OPUS 6.5 software using 50 % 

center of gravity in determining the band positions, which is a method providing  < 0.01 cm-1 

uncertainty.[13,21] 

 

Differential scanning calorimetry was performed with a TA Instruments Q2000 DSC, using a 

20 °C/min heating rate from 10 to 185 °C (P4VP, PVP) or -90 to 165 °C (PMMA). The 

samples were equilibrated at the lowest temperature for 10 min before repeating the heating 

ramp. The thermograms are presented in Supporting Information (Figure S10, S11, and S12). 

The determination of the Tg of BNNTs loaded with polymers failed, as the signal to noise 

ratio was too low, due to the small sample sizes available. In this context, using IR to 

determine a spectroscopic Tg proves advantageous because its chemical selectivity allows 

probing the polymer band directly. 

 

Transmission electron microscopy (TEM) measurements were conducted on a Tecnai T(12) 

instrument operating at 80 or 120 kV. The dispersion (2 x 4 μL in methanol) was dropped on 

carbon Formvar coated 200 mesh copper grids and dried. 

 

For the photoisomerization of PD1RA, a Prizmatix FC5 Multichannel LED (100 mW/cm2) 

was used as the light source. The samples were illuminated for 2 min with 450 or 520 nm 

light before the IR measurements. 

 

The molecular weight of the PMMA was determined using a size exclusion chromatography 

(SEC) system consisting of an Agilent 1100 isocratic pump, a set of TSK-gel (Tosoh Biosep) 



  

24 
 

columns, a Dawn EOS multi-angle laser light scattering detector (λ = 690 nm, Wyatt 

Technology Co.) and an Optilab DSP interferometric refractometer (λ = 690 nm, Wyatt 

Technology Co.). The eluent was DMF at a flow rate of 0.3 mL/min. The columns 

temperature was set at 40 °C. For the measurements, we used the reported value of 0.059 

mL/g for the dn/dc of PMMA.[87] 

 

Supporting Information 

TEM images of boron nitride nanotubes, DSC thermograms, additional IR spectra, and 

changes in absorbance band position with temperature, are presented as supporting 

information. Supporting Information is available from the Wiley Online Library or from the 

author. 
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Probing interfacial interactions and dynamics of polymers enclosed in boron nitride 
nanotubes  
 
Jukka Niskanen, Yanming Xue, Dmitri Golberg, Françoise M. Winnik, Christian Pellerin, and 
Jaana Vapaavuori* 
 

PMMA P4VP

PDR1APVP

 

Figure S1. TEM micrograph of BNNTs loaded with PMMA, P4VP, PVP, and PDR1A. 

Polymer inside the BNNTs is indicated by the black ovals and a thin polymer layer outside 

the BNNTs by dashed red lines (P4VP, PVP, and PDR1A). 
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Figure S2. IR spectra of (A) ethanol amine-BNNTs compared with the polymers and (B) 

ethanol amine-BNNTs compared with BNNTs loaded with the polymers. The absorbance 

bands for N-H at 1665 cm-1 and C-N at 1065 cm-1from the ethanolamine are indicated by 

dashed lines.  
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Figure S3. (A) IR spectra of BNNT-P4VP showing the decrease of the 1008 cm-1 shoulder, 

marked by an arrow, of the 993 cm-1 band with increasing number of heating cycles. (B) 

Close-up view comparing the spectra of pure P4VP and BNNT-P4VP. The 993 cm-1 band and 

the 1008 cm-1 shoulder can be easily distinguished (blue arrows) and several other P4VP 

bands can be noted, such as the weaker band at 1069 cm-1 (red arrow). The 1220 and 1593 

cm-1 bands are also clearly present (green arrows) even though they are overlapped with the 

strong BNNT absorption. 
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Figure S4. Position of the carbonyl band for PMMA (A) and BNNT-PMMA (B) as a function 

of temperature for three samples, determined using the center of gravity of the band. For 

comparison, the intensity of the carbonyl stretching band for PMMA (orange and black) and 

BNNT-PMMA (red) is shown as a function of temperature for three samples determined (C): 

The band intensity and band position approaches provide consistent results, as the 

spectroscopic Tg obtained from the band intensities for PMMA is 104 °C compared to 108 ± 

3 °C for the band positions. The result for the BNNT-PMMA also shows a change of slope 

but the intensity data is much noisier and does not form a straight line at high temperatures, 

making an estimation of Tg difficult. In fact, the changes in intensity are less than 0.002 

absorbance units, which highlights the challenge of using band intensities and justifies our 

choice of analyzing peak positions for very weak spectra. [1,2,3] 

Thanks to the use of a reference laser, the high precision in the determination of the optical 

retardation in the interferometer converts, after Fourier transformation, into a very high 

frequency precision in the spectrum. Hence, even at a moderate 4 cm-1 resolution, the 

precision and accuracy of each point in the spectrum is much higher than their separation. The 

wavenumber accuracy test of our spectrometer, which uses the absorption of a rovibrational 

water vapor band, indicated deviations of ±0.001 cm-1 from the reference value. When the 

position of a reasonably isolated band is determined using the center of gravity method, which 

employs the intensity of several points as opposed to a single maximum point,[13,21] the 

advantage of the frequency precision and accuracy is fully expressed and allows following 

small band shifts that are well below the spectral resolution of the instrument (Supporting 

Information, Figure S4C).  
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Figure S5. IR spectra of BNNTS, PVP, and BNNT-PVP. 
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Figure S6. The Amide I band in PVP significantly shifts when the polymer is in BNNTs, 

indicating hydrogen bonding the polymer with residual water. 
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Figure S7. IR spectra of BNNTs, PDR1A, and BNNT-PDR1A. 
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Figure S8. The C-H in-plane bending and ring deformation absorbance band position of 

PDR1A. The Tg for PDR1A-BNNTs can not be observed from the measurements. 
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Figure S9. TEM micrograph of BNNTs loaded with PMMA with size distribution. 
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Figure S10. DSC thermogram of P4VP. Two consequent runs are shown in the insert. 
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Figure S11. DSC thermogram of PVP. 

113.75°C(I)

109.52°C

117.80°C

0.2

0.4

0.6

0.8

H
e

a
t F

lo
w

 (
W

/g
)

90 100 110 120 130 140 150

Temperature (°C)Exo Down Universal V4.5A TA Instruments

 

Figure S12. DSC thermogram of PMMA. 
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