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Abstract: 

Thermodynamic interaction and non-isothermal crystallization behaviors in a series of protiated (H-) and 

deuterated (D-) poly (ɛ-caprolactone) (PCL) blends have been systematically investigated. The blends were 

thermodynamically miscible in the melt. The Flory-Huggins interaction parameter (χ) between H- and D-PCL 

segments was estimated. The hydroxyl groups in the PCL chain-ends were found to contribute significantly to 

the negative χ values. Combined characterization of small-angle X-ray scattering (SAXS) and small-angle neutron 

scattering (SANS) revealed that upon slow cooling, unique alternating H-rich and D-rich PCL lamellar structures 

are formed regardless of the blend ratio, which is attributed to the Tc difference between H- and D-PCLs. While 

upon rapid cooling, mixed crystals of H- and D-PCLs are predominantly formed. These results provide insightful 

information on the melt thermodynamics as well as detailed chain arrangements in lamellar crystals for semi-

crystalline H/D polyester blends. 
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INTRODUCTION    

Deuterium (D) labeling, in conjunction with neutron scattering, offers useful avenue for probing the chain 

structure and dynamics of semi-crystalline polymers.[2-6] The relevant investigations on polymer crystallization 

were often based on the assumption that protium (H)/D isotopic substitution has negligible effects on the 

thermodynamic interactions and polymer crystallization.[7, 8] However, studies have shown that deuterium 

substitution can affect the thermodynamics,[9-12] thermal properties,[13, 14] and crystal structures,[15] 

suggesting that it is crucial to consider the isotope effect in the corresponding data analysis for correctness. In the 

1970s, this topic was extensively explored in H/D polyethylene (PE) isotopic blends. A common result was that 

under slow cooling, D chains segregate from H chains due to the difference in their crystallization temperature 

and kinetics.[16-19] More recently, a contrary finding was exposed in other polymer system, such as in H/D 

isotactic polypropylene (iPP) blends[20, 21] and H/D polyoxymethylene (POM) blends.[22] Co-crystallization 

was found in the H/D iPP blends upon an isothermal crystallization process continued longer than 50 minutes, 

exhibiting almost random distribution of the H and D chain stems in the crystallites.[21] Co-crystallization of H 

and D chains was also observed in the H/D POM blends, even when the sample was slowly cooled (2 °C/min) 

from the melt.[22] Thus, whether H/D chains coexist as stacked lamellae or crystallize separately in different 

lamellae upon different cooling conditions also depends on chemistry, which remains a question, for the blends 

of newly synthesized H/D polymers.  

Among different types of polymers, semi-crystalline polyesters with polar groups are much less investigated. 

A detailed examination of a typical H/D isotopic polyester blend would provide key information to enrich the 

general understanding of the deuterium isotope effects. For this purpose, we picked poly(ε-caprolactone) (PCL) 

as a model system. As one of the most important semi-crystalline polyesters that can be easily melt-processed in 

industry, PCL and its blends are widely used in biomedical fields due to its excellent biocompatibility and 

bioresorbability.[23, 24] Examination of the melt thermodynamics and crystallization in PCL isotopic blends is 

of fundamental importance for characterizing the structure of PCL-based materials. 

In this work, we prepared a series of H- and D-PCLs. The Flory-Huggins interaction parameter χ between H 

and D PCL chains was evaluated by fitting small-angle neutron scattering (SANS) data, through the random phase 
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approximation (RPA) model as well as the Zimm analysis. Thermal behaviors of the blends were examined by 

differential scanning calorimetry (DSC). Moreover, H/D chain arrangement and crystalline structures after slow 

and rapid cooling were inspected separately, using temperature-resolved SANS and synchrotron small-angle X-

ray scattering (SAXS). Our results show that H and D chains are miscible in the melt while hydroxyl groups in 

the PCL chain-ends have a significant impact on the χ value. The crystallization of the blends highly depends on 

the cooling rate. In particular, we find that after slow cooling process, the long period of D lamellae is always 

twice that of mixed H and D lamellae, regardless of the blending ratio inside, providing cogent evidence of 

forming alternating H/D lamellar crystals. These results offer much-needed information on H/D chain 

arrangement in lamellae in semi-crystalline H/D isotopic polyester blends. 
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EXPERIMENTAL SECTION 

Materials 

All reagents were used as received from the suppliers without further purification unless otherwise noted. 

Anhydrous toluene, dichloromethane (DCM), chloroform and methanol were purchased from Fisher Scientific. 

Sn(Oct)2 (92.5-100.0%), ɛ-caprolactone (99%), tetrabromomethane (CBr4) (99%) and triphenylphosphine (PPh3) 

(99%) were obtained from Sigma-Aldrich; 2-methylpropane-1,3-diol (99%) was obtained from Oakwood 

Chemical Inc.  

Sample Preparation 

Fully deuterated ɛ-caprolactone (CL-d10) was synthesized through the Baeyer-Villager oxidation of 

cyclohexanone-d10 as shown in Figure S1 and detailed synthesis procedures were reported in our recent study.[25] 

D-PCL was synthesized by ring-opening polymerization of CL-d10 as shown in Figure S1. In a typical procedure, 

CL-d10 (2.768 g, 22.283 mmol), 2-methylpropane-1,3-diol (15.6 mg, 0.173 mmol), and 0.8 ml Sn(Oct)2 solution 

in anhydrous toluene (0.1 M) were added into a Schlenk flask under N2 protection. After heating at 115 °C under 

N2 atmosphere with stirring for 72 h, the resulting polymer was dissolved in DCM and precipitated twice with 

methanol to obtain the purified D-PCL, followed by drying in a vacuum oven at room temperature. The 

polymerization procedure of H-PCL was similar to the procedure for D-PCL, however, the polymerization was 

completed in 24 h. The 13C NMR spectra of D-PCL and H-PCL are shown in Figures S2a and S2b, respectively. 

To obtain the bromide (Br)-terminated PCL (PCL-Br), the above described hydroxyl (OH)-terminated PCL 

(250 mg, 0.02 mmol) and PPh3 (26.5 mg, 0.08 mmol) were dissolved in 30 ml of anhydrous DCM under N2 

protection. Then, CBr4 (21 mg, 0.08 mmol) was added into the above solution under N2 atmosphere. After stirring 

at room temperature for 4 hours, the solution was concentrated with a rotary evaporator and the PCL-Br 

precipitated twice in methanol. The resulting PCL-Br was dried in a vacuum oven at room temperature before 

use.  

All of the PCL blends were prepared by solution mixing of the respective polymer in chloroform solutions. 

The ratios of the H/D-PCL blends were set to 20/80, 50/50 and 80/20 (w/w). 
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Sample Characterization 

13C-NMR spectra were obtained on a Varian VNMRS 500 NMR spectrometer at 23 °C in CDCl3 (77.23 ppm 

13C reference) using inverse-gated decoupling with a relaxation delay of 25 seconds. The average acquisition is 

about 1000 scans. The number average molar mass (Mn) and dispersity of polymers were measured from a size 

exclusion chromatography (SEC) system equipped with an Agilent 1260 infinity Isocratic HPLC pump, a multi-

angle light scattering detector (DAWN HELEOS-II, Wyatt), and a refractive index detector (Optilab T-rEX, 

Wyatt). THF was the eluent (1 mL/min, at 35 °C). Absolute molar masses were calculated with the dn/dc values 

measured separately (Table 1).[25]  

    Differential scanning calorimetry (DSC) was conducted on a TA Instruments Q-2000 DSC equipped with an 

RCS90 air cooler. All the tests were performed under nitrogen flow and the instrument was calibrated with 

sapphire and indium standards. Polymer powders was loaded on to aluminum Hermatic pans. The Fourier-

transform infrared (FTIR) spectra were collected at 4 cm-1 resolution power using a Bruker vertex 70 FTIR 

spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector in the transmission mode. 

The disk samples for SANS measurements were sandwiched between a pair of quartz plates with a 0.5 mm 

thickness aluminum split-ring washer at 90 °C, which were carried out on a Linkam hot stage (THMS600). Then, 

the samples were loaded to a Titania cell. The temperature resolved SANS were performed at the Bio-SANS 

instrument at the High-Flux Isotope Reactor, Oak Ridge National Laboratory. The sample-to-detector distance 

was set to 15.5 m at a wavelength of 6 Å and wavelength spread ∆𝜆/𝜆 = 0.13. The available q range was 0.003 < 

𝑞 < 0.8 A-1, where 𝑞 = (4𝜋 𝑠𝑖𝑛 𝜃 𝜆⁄ ), and 2𝜃 is the scattering angle. A sample aperture of 12 mm diameter was 

used for providing a sufficient neutron scattering intensity in 3 minutes exposure. Raw SANS data were corrected 

for sample transmission and background radiation. Cooling and heating process during SANS measurements were 

controlled by a water bath and chiller. The real-time temperature of samples was detected by thermal couple 

inside Titania cells. When the samples measured in the melt state, beam opened after temperature becoming stable 

and keeping several minutes. In the slow cooling process when crystallization started, beam opened while the 

temperature was decreased continuously. The temperature presented in the paper was an average value. 
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For SAXS and wide-angle X-ray scattering (WAXS) measurements. Samples with a thickness of 0.5mm were 

prepared by compression-molding and then stuck by Kapton film. The slow and rapid cooling treatment were 

finished on Linkam hot stage before testing. SAXS and WAXS were conducted at the Advanced Photon Source 

(APS) of Argonne National Laboratories in sector 12-ID-B with X-ray energy of 14 keV. The 2D data collected 

with a Pilatus2M detector located at 3.6m downstream of the samples were converted to 1D using silver behenate 

as an angle standard. The beam size was 300×20 µm2. Exposure time was typically 1s.  

The lamellar thickness 𝑑𝑆𝐴𝑋𝑆  was calculated using 1D electron density correlation function, the intensity 

distribution is a Fourier transform of the correlation function related to the scattering object, including primarily 

the crystalline and amorphous phase in semi-crystalline polymers. The electron density correlation function is 

defined as[26, 27] 

𝐾(𝑟) = ∫ 4𝜋𝑠2𝐼(𝑠)𝑐𝑜𝑠(2𝜋𝑠𝑟)𝑑𝑠
∞

0
             (1) 

Where s = 2 sin 𝜃 /𝜆, 𝐼(𝑠) the intensity function. The scattering curve can be extrapolated towards the zero angle 

and infinite angle, e.g., by using SAXSDAT program.[26]  
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RESULTS AND DISCUSSION 

Considering that the degree of polymerization and dispersity of PCL are expected to have a significant 

influence on their crystallization behaviors,[28] great care was taken to ensure uniformity in the number of 

repeating units for both H- and D-PCL samples. The detailed results of the synthesized H-PCL and D-PCL are 

presented in Table 1. The substitution of protium with deuterium in PCL can be characterized by the vibration 

mode change in Fourier transform infrared (FTIR) spectra (cf. Figure S3). In the blends, FTIR intensity of C-H 

stretching bands (2945 and 2868 cm-1) decreases while the intensity of C-D stretching bands (2216 and 2106 cm-

1) increases as the D content increases, confirming the different percentages of deuteration. 

Table 1. Information of synthesized polymers. 

Polymers 
Mn 

(g/mol) 

Molar mass  

 per unit 

(g/mol) 

Degree of 

Polymerization 
Dispersity 

H-PCL 10,900 114.14 96 1.29 

D-PCL 12,500 124.21 100 1.16 

 

Thermodynamic Interactions 

SANS measurements were conducted to investigate the thermodynamic interactions between H- and D-PCL 

in the melt. Figure 1a shows the total scattering intensity 𝐼𝑡𝑜𝑡𝑎𝑙 as a function of scattering vector 𝑞 for the H/D 

samples at 86.2 °C. The incoherent background 𝐼𝑖𝑛𝑐, visible in the high 𝑞 region, is mostly induced by hydrogen 

and decreases with increasing the deuterium ratio. The coherent scattering intensity 𝐼𝑐𝑜ℎ  was obtained by 

subtracting 𝐼𝑖𝑛𝑐  (see an example calculation[29] in Figure S4) from 𝐼𝑡𝑜𝑡𝑎𝑙. The plots 𝐼𝑐𝑜ℎ versus 𝑞 are presented 

in Figure 1b. The maximum scattering intensity was observed in the H/D 50/50 blend sample, for it has the largest 

neutron scattering length density (SLD) contrast.[30] The scattering curves of all the H/D blends generally exhibit 

the characteristic feature of a homogenous mixture.[31] A small upturn was found in the low-𝑞 region (𝑞< 0.008 

Å-1) for the H/D 20/80 sample. However, fitting to the Porod law, 𝐼𝑐𝑜ℎ~𝑞
−𝑛, rendered an exponent value close 

to 2.5 (see insert in Figure 1b). The exponent near 2 suggests a homogenous system, while the exponent equal to 

4 indicates a sharp interphase boundaries.[31] Thus, there was no obvious phase separation in the 20/80 sample. 
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Figure 1. (a) SANS measurements of total scattering intensity 𝐼𝑡𝑜𝑡𝑎𝑙 as a function of scattering vector 𝑞 and (b) 

coherent scattering intensity 𝐼𝑐𝑜ℎ vs. 𝑞 for the H/D-PCL samples in the melt (86.2 °C). The 𝐼𝑐𝑜ℎ vs. 𝑞 curve of H-

PCL sample is not presented since there was almost no coherent scattering. 

 

The full range of the coherent scattering intensity 𝐼𝑐𝑜ℎ versus 𝑞 of H/D 50/50 was fitted using the random phase 

approximation (RPA) model.[32] From RPA, the Flory−Huggins interaction parameter χ was extracted to 

describe the interaction strength between H and D species. 

                                                                   𝑆(𝑞) =
𝐼𝑐𝑜ℎ

(𝑏𝐻−𝑏𝐷)2𝑣0
−1 (2)                     

                           

where 𝜙𝑖 is the volume fraction, 𝑁𝑖 is the degree of polymerization, and 𝑖 = 𝐻,𝐷. The scattering lengths are 𝑏𝐻 

= 1.41 ×10-12 cm and 𝑏𝐷 = 11.82 × 10-12 cm for H and D chains, respectively. The reference monomer volume 

was chosen as 𝑣0 ≈ 𝑣𝐻 ≈ 𝑣𝐷 =1.65 × 10-22 cm3. 𝑃𝑖 is the form factor given by the Debye function,[33]  

                                                                 𝑃(𝑢) =
2(𝑒−𝑢+𝑢−1)

𝑢2
≅

1

1+𝑢/3
           (4)  

where 𝑢 = 𝑞2⟨𝑅𝑔
2⟩, and 𝑅𝑔 is the radius of gyration of the polymer. For simplicity, 𝑅𝑔 is assumed to be the same 

for H and D chains. The fitting parameters in the RPA model were χ𝑅𝑃𝐴 and 𝑅𝑔. An example for the fitting of the 

SANS data at 54.5 °C is shown in Figure 2a. The fitted values of χ𝑅𝑃𝐴 and 𝑅𝑔  for various temperatures are 

presented in Figure 3 and Figure S5, respectively. 

1

𝑆(𝑞)
=

1

(𝜙𝐻𝑁𝐻𝑃𝐻)
+

1

(𝜙𝐷𝑁𝐷𝑃𝐷)
− 2χ𝑅𝑃𝐴              (3) 
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At small 𝑞 range (the criterion of 𝑞𝑅𝑔 ≪ 1 is met), Eq. 3 can be reduced to the Zimm equation,[29, 34, 35]  

                                                               

                                                              

where 𝜉 is the composition fluctuation correlation length and 
1

S(0)
=

(𝑏𝐻−𝑏𝐷)
2𝑣−1

𝐼𝑐𝑜ℎ(𝑞→0)
(based on Eq. 2). 𝐼𝑐𝑜ℎ(𝑞 → 0) 

was obtained from fitting the Zimm plot, 𝐼𝑐𝑜ℎ
−1vs. 𝑞2, as shown in Figure 2b, the intercept value of the linear fit 

with the ordinate was 𝐼𝑐𝑜ℎ
−1(𝑞 → 0) Calculated χ𝑍𝑖𝑚𝑚 at various temperatures are also presented in Figure 3. 

 

Figure 2. (a) SANS data showing 𝐼𝑐𝑜ℎ vs. 𝑞 (0.004-0.3 Å-1) of the H/D 50/50 sample at 54.5 °C, solid line is the 

best fit of the RPA model; (b) Zimm plot, 𝐼𝑐𝑜ℎ
−1vs. 𝑞2 for the H/D 50/50 sample at 54.5 °C, solid line represents 

the linear fit. 

 

1

S(q)
=

1

𝑆(0)
(1 + 𝜉2𝑞2)            (5) 

1

𝑆(0)
=

1

(𝜙𝐻𝑁𝐻)
+

1

(𝜙𝐷𝑁𝐷)
− 2χ𝑍𝑖𝑚𝑚           (6) 
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Figure 3. Flory-Huggins interaction parameter, χ, as a function of inverse temperature, fitted by the RPA model 

of H/D-PCL and H/D-PCL-Br samples and calculated from the Zimm analysis of H/D-PCL samples.  

 

The temperature dependence of χ is given by 𝜒𝑅𝑃𝐴 = (6.56 ± 1.74)/𝑇 − (0.036 ± 0.0051)  and 𝜒𝑍𝑖𝑚𝑚 =

(5.54 ± 1.67)/𝑇 − (0.030 ± 0.0049) respectively, via a linear fit of 𝜒 and 𝑇−1. The 𝜒𝑅𝑃𝐴 and 𝜒𝑍𝑖𝑚𝑚 values are 

rather close, and more importantly, both of sets are negative in the considered temperature range (and remain 

negative for the higher temperatures from the fitted equations). Negative χ values can be attributed to the effects 

of polar groups, small attraction irregularity (caused by similar solubility parameter[36, 37]), and more commonly, 

hydrogen bonding interaction, which is usually the dominant effect in systems with multiple hydrogen bonding 

sites, such as OH-terminated deuterated polystyrene/poly(butyl methacrylate) blend,[38] poly(2-

vinylpyridine)/poly(4-hydroxystyrene) and poly(4-vinylpyridine)/poly(4-hydroxy-styrene) blends.[39]  

To verify the non-trivial hydrogen bonding effect on thermodynamic interactions from even a few hydrogen 

bonding sites in H/D-PCL blends (between the chain-end group OH and the carbonyl or ether group), Br-

terminated H- and D-PCLs (PCL-Br) were synthesized for a control study. H/D-PCL-Br 50/50 and H-PCL-Br/D-

PCL 50/50 blends were prepared. The SANS curves of these samples are shown in Figure 4. In contrast to the 

OH-terminated H/D-PCL samples, two kinds of asymptotic behaviors were observed in the blends with Br-

terminated PCLs. Specifically, the RPA behavior was found in the high-q region, whereas in the low-𝑞 region (𝑞 

< 0.006 Å-1), it exhibited the Debye-Bueche (DB) behavior as the Porod exponent of H/D-PCL-Br 50/50 sample 

is close to 4, indicating the existence of local inhomogeneities in the melt due to thermal fluctuations. 



 12 

 

Figure 4. Coherent scattering intensity 𝐼𝑐𝑜ℎ as a function of scattering vector 𝑞 from SANS measurements for the 

H/D-PCL (86.2 °C), H-PCL-Br/D-PCL (82.0 °C) and H/D-PCL-Br (81.5 °C) 50/50 blends in the melt. Curves 

are vertically offset for clarity. 

 

To obtain the χ values of H/D-PCL-Br 50/50 blend, we subtracted the DB type scattering behavior from the 

scattering curve and fitted the 𝑞 > 0.015 Å-1 region to the RPA model. The χ results are presented in Figure 1d, 

with the fitted temperature dependence given by 𝜒𝑅𝑃𝐴 = (4.00 ± 0.74)/𝑇 − (0.0079 ± 0.0022) . nn general, 

H/D-PCL-Br 50/50 presented small positive χ values while the segregation strength 𝜒𝑁 ≪ 2, indicating that the 

Br-terminated H/D-PCL blends are also miscible in the melt. Comparatively, the positive χ reflects the chain-end 

group impact in the OH-terminated H/D-PCL blends. These results essentially suggest that the effective negative 

𝜒 in the H/D-PCL is composed of “bare” polymer interaction and hydrogen bonding interaction. Furthermore, a 

small amount of hydrogen bonding sites from chain-end groups could significantly enhance the blend miscibility. 

We note that this contribution was often omitted before, as the hydrogen bonding sites on the main chain were 

believed to be more important, especially when the polymers have large molar mass. 

 

Crystallization Behavior and Chain Arrangement 

The thermal behaviors of H/D-PCL blends were examined by DSC. The thermograms in Figure 5a show the 

results from slow cooling (0.5 ºC/min) process after removing thermal history. The subsequent heating curves are 
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presented in Figure 5b. An appropriate heating rate of 10 ºC/min was applied to prohibit the otherwise possible 

crystal thickening during slow heating and thermal lag in rapid heating.[40, 41] Single melting and crystallization 

peaks were observed. The crystallization temperature (Tc) and the melting point (Tm) are determined from the 

peak positions. The melting endothermic and exothermic peaks shifted toward the lower temperature side with 

increasing mass ratio of deuteration. Melting point depression by deuterated polymers can be attributed to the 

weaker intermolecular interactions resulting from the smaller polarizability of the C-D bond.[1, 13, 25, 42] The 

relative rapid cooling (20 ºC/min) and subsequent heating curves for the samples are shown in Figure 5c and 5d, 

respectively. Extra melting shoulders (indicated by arrows) were observed, owing to the melting of the cold-

crystallized phase which is common after fast crystallization in semi-crystalline polymers including PCL.[43] 

The similar trend of the continuous change in Tm and Tc as a function of deuteration mass ratio was reported by 

Tashiro et al. in both H-iPP/D-iPP and H-POM/D-POM blend systems.[44, 45] The linear change of Tm and Tc 

with respect to the H/D ratio was interpreted as an evidence for the co-crystallization of H/D polymers, as H and 

D chains were found either statistically or randomly coexisting within the same lattice.[44, 45] Nevertheless, we 

note that DSC data alone is not sufficient to elucidate the co-crystallization behavior. Given the substantial Tc 

difference between H and D species in the H/D-PCL samples, the segregation between two components may 

occur during the slow cooling process (see illustration in Figure S7). 
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Figure 5. DSC (a) cooling curves at rate 0.5 ºC/min from the melt, (b) heating curves at rate 10 ºC /min after slow 

cooling (0.5 ºC/min) crystallization, (c) cooling curves at rate 20 ºC/min from the melt and (d) heating curves at 

rate 10 ºC /min after rapid cooling (20 ºC/min) crystallization of H-PCL, H/D 80/20, H/D 50/50, H/D 20/80 and 

D-PCL samples (from bottom to upper). Curves are vertically offset for clarity.  

 

The crystal morphologies after slow and rapid cooling were explored. For PCL bulk crystallization, spherulites 

are the most common micro-scale structure.[46] The morphologies of spherulites in H/D-PCL blends can be found 

in Figure S8. In general, spherulites consist of lamellar polymer crystals. The lamellar structure was investigated 

using synchrotron SAXS and WAXS. The scattering profiles are shown in Figure S9. In Figure 6a, Lorentz-

corrected SAXS profiles showed typical pattern of lamellar structure for the slow cooled samples (as expected 

for semi-crystalline polymers). The long period L of the lamellar structure can be calculated according to L=2π/q* 

from the primary peak positions q* near 0.045 Å-1. The values for the examined samples are summarized in Table 
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2. (The peak near q = 0.12 Å-1 was discussed in the supporting information). The lamellar thickness were 

calculated using the electron density correlation function Eq. 1 as described in the Sample Characterization section, 

the obtained 𝐾(𝑟) vs. 𝑟 curves are showed in Figure 6b. After extrapolating the linear fragment to the intersection 

with the minimum level of the curves, we got the location of the first minimum of the crystalline-amorphous 

phase boundary.[20, 26] When the crystallinity of the sample is smaller than 50%, the location represents the 

statistic lamellar thickness; while the crystallinity is over 50%, the location means averaged amorphous 

thickness.[26] On the basis of the crystallinity of PCLs estimated from DSC measurement are over 50% (Table 

S1), we defined the first transition of the curves in Figure 6b as averaged amorphous thickness (𝐿𝑆𝐴𝑋𝑆 - 𝑑𝑆𝐴𝑋𝑆). 

Then, the volume crystallinity can be calculated according to 𝑑𝑆𝐴𝑋𝑆/𝐿𝑆𝐴𝑋𝑆 and the values are presented in Table 

2. The long period 𝐿𝑆𝐴𝑋𝑆 and lamellar thickness 𝑑𝑆𝐴𝑋𝑆 in Table 2 show similar values for all the slow cooled 

samples (see Table S2 for the data of rapid cooled samples). H and D crystal unit cell dimensions only have slight 

difference indicated by WAXS as shown in Figure S9c, which is also discussed in detail in our previous report 

regarding pure D-PCL systems.[25] Therefore, we can conclude that the chain packing and the lamellar structure 

were almost unchanged with the presence of D-PCL chains. 

 

Figure 6. (a) Lorentz corrected SAXS profiles and (b) electron density correlation function curves for the H/D-

PCL samples after slow cooling. 
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Different from SAXS (which is sensitive to variations in electron density), SANS is very sensitive to the 

hydrogen isotopic substitution, which can dramatically change the SLD. Figure 7a and 7b present the neutron 

coherent scattering intensities 𝐼𝑐𝑜ℎ  as a function of scattering vector 𝑞  for the H/D-PCL samples after slow 

cooling and rapid cooling, respectively (𝐼𝑡𝑜𝑡𝑎𝑙 vs. q can be found in Figure S10). Neat D-PCL sample showed an 

obvious peak in both figures, indicating a long period LSANS that is close to the value of LSAXS. This peak stems 

from the contrast in neutron SLD between the amorphous phase (6.27×10-6 Å-2) and the crystalline lamellar phase 

(6.81×10-6 Å-2) of D-PCL, which is caused by the volumetric mass density difference between the amorphous 

phase (1.094 g/cm3) and crystalline phase (1.187 g/cm3).[47] By contrast, the structure information was not 

traceable in the SANS pattern for H-PCL, as the difference in SLD between its amorphous phase (0.81×10-6 Å-2) 

and crystalline phase (0.88×10-6 Å-2) is small while the incoherent background is relatively strong.  

Table 2. Calculated SAXS and SANS data for H/D-PCL samples upon slow cooling 

 

 

 

 

 

 

 

 

 

Samples 

 SAXS  SANS  

LSANS/LSAXS 
 Lamellar 

thickness 

dSAXS (Å) 

Long 

period 

LSAXS (Å) 

Volume 

crystallinity 

(%) 

 
Long period 

LSANS (Å) 

D-PCL 
 

94.6 135.7 69.7  130.5 0.96 

H/D 20/80  94.9 137.8 68.9  250.7 1.82 

H/D 50/50  96.2 137.8 69.8  263.2 1.91 

H/D 80/20 
 

92.3 133.8 69.0  227.4 1.70 

H-PCL 
 

90.1 133.8 67.3  -- -- 
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Figure 7. SANS measurements of coherent scattering intensity 𝐼𝑐𝑜ℎ as a function of scattering vector q after 

(a) slow cooling and (b) rapid cooling (Curves are vertically shifted 10× for H/D 80/20, 100× for H/D 50/50 and 

1000× for H/D 20/80 samples for clarity. nncoherent background of H-PCL sample was not removed since there 

was almost no coherent scattering).  

 

For H/D blend samples, distinct peaks in the SANS scattering curves were observed after slow cooling; while 

after rapid cooling, only tiny peaks were found in the scattering profiles. The primary peaks can be attributed to 

the lamellar structures from crystallization, as they are absent in amorphous H/D blend samples.[10, 30] Lorentz-

corrected SANS patterns are shown in Figure 8a. The long period LSANS was calculated from the primary peak 

positions near q = 0.025 Å-1 and the results are presented in Table 2. The H/D 50/50 sample was found to have 

the strongest peak intensity and the largest long period. More importantly, the values of LSANS for all the blend 

samples are about twice as long as the corresponding LSAXS.  

The two-fold relationship between LSANS and LSAXS of three blends is unique, implying that H and D species are 

separated during slow cooling crystallization process. It further excludes the possibility of randomly stacked H 

and D rich lamellae, as if this were the case, the LSANS of 80/20 and 20/80 samples could be approximately 5 times 

larger than LSAXS (as sketched in Figure S11). We propose that the factor of two between LSANS and LSAXS for all 

the blends comes from the configuration with alternating H-rich and D-rich lamellar structure. A schematic 

illustration of the structure, LSANS and LSAXS is given in Figure 9b. The higher Tc of the H component indicates that 
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H chains nucleate first during slow cooling. When H chains are being incorporated into H crystal, most D chains 

are remained in the melt state, resulting in the excess of D chains adjacent to each H crystal domain (Figure 9a). 

Subsequently, D chains start to nucleate between H-rich lamellae with temperature further decreases. The 

scattering curves from temperature-resolved SANS measurements of the H/D 50/50 upon slow cooling are shown 

in Figure 8b, the evolution of which corroborates our proposition. In particular, a shoulder (indicated by arrow) 

emerged in the scattering curve at 46.0 °C, which signifies to the onset of H-chain nucleation. Accordingly, this 

shoulder characterized the long period between H crystals and the surrounding H/D mixed amorphous phase. 

With further decreasing the temperature, a unimodal peak developed at 43.8 °C and became more obvious at 

41.8 °C, which depicted the growth of H and D crystals. These stronger peaks were attributed to the large contrast 

between H and D rich crystals. The primary peak positions are both around 0.025 Å-1, indicating the emergence 

of H/D alternating lamellae before the completion of crystallization. Moreover, in H/D 80/20 and 20/80 blends, 

the primary SANS peaks are also located near 𝑞 = 0.025 Å-1 (see Figure 8c and 8d), showing the similar feature. 

However, with increasing the deuterium content, the lamellar peaks occurred at lower temperatures, that 

corresponds well with the DSC results. For comparison, the isothermal crystallization of the H/D 50/50 at 46 °C 

was also examined by SANS, which exhibited the same H/D alternating lamellae structure (cf. Figure S12). 
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Figure 8. (a) Lorentz-corrected 1D SANS patterns, 𝐼𝑐𝑜ℎ𝑞
2 vs 𝑞 for H/D-PCL samples after slow cooling. 

Temperature-resolved SANS patterns of (b) H/D 50/50, (c) H/D 80/20, and (d) H/D 20/80 during slow cooling. 

The primary peak positions are indicated by dotted lines. 
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Figure 9. Schematic illustration model for (a) crystallization processing and final lamellar structure of (b) H/D 

50/50, (c) H/D 80/20, (d) H/D 20/80. According to the theoretical models of crystallization updated by Miyoshi’s 

group recently, both random re-entry and adjacent re-entry structures were drew in the model.[48-52]  

 

A certain degree of mixing is expected that some H and D chains coexist within the same lamellae from slow 

cooling. This conjecture is supported by the fact that Tc and Tm were found to change continuously while only 

unimodal peaks in DSC curves were observed for all the samples. As the differences in Tc and Tm between neat 

H- and D-PCL samples are rather large, the unimodal DSC peak for the blend samples essentially suggests the 

formation of co-crystals by mixed H and D chains.[34, 44] The co-crystal lamellae should possess a medium SLD 

value between that of pure H and D in H/D 20/80 (20/80) due to the lack of H (D) chains. The SANS peaks in 

80/20, 50/50, 20/80 blends can thus be attributed to the contrast between H-rich lamellae and co-crystal lamellae, 
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H-rich lamellae and D-rich lamellae, co-crystal lamellae and D-rich lamellae, respectively, as illustrated in Figure 

9. Based on these schematic models, one would expect that H/D 50/50 has the largest peak due to the strongest 

contrast between the lamellar domains. Meanwhile, the LSANS is always twice that of the neat D-PCL system as 

well as of the LSAXS, regardless of the blend ratio. Therefore, the scattering data implies that H- and D-PCL chains 

can form into separated crystals as well as into co-crystals in the blends upon slow cooling, although they are 

miscible in the melt. During rapid cooling, H and D chains do not have enough time to diffuse and separate from 

each other that most H and D chains co-crystallize. As a result, there were no apparent lamellae peaks found in 

the SANS patterns in Figure 7b. 

 

CONCLUSIONS 

In summary, we have investigated the thermodynamic interaction and crystallization behavior in a series of 

H/D PCL blends by using DSC, SAXS and SANS measurements. Negative Flory-Huggins interaction χ 

parameters were extracted by fitting the melt scattering data to the RPA model and by using the Zimm analysis. 

The outcome from these two methods showed good consistency, indicating that H and D chains are miscible in 

the melt. The chain-end hydroxyl groups with a small number of hydrogen bonding sites were found to contribute 

significantly to the negative 𝜒 values. 

    As to the thermal and crystallization behaviors, the melting temperature Tm and crystallization temperature Tc 

shift continuously towards lower temperature with increasing the D component in the blend. Upon slow cooling, 

H and D polymer chains tend to crystallize separately into different lamellar domains, while the co-crystallization 

in the same lamellae also takes place, exhibiting a unique alternating stacked H and D lamellar structure. By 

contrast, blend samples showed a higher degree of co-crystallization from rapid cooling, which effectively 

prevents the formation of separated H and D crystals that might be ideal for the usage of deuterium labeling. 

These findings highlight that the difference in H and D chain kinetics plays an important role in the blend 

crystallization process. Overall, this study provides insightful information on the thermodynamics in the blends 

of protiated and deuterated semi-crystalline polyesters, as well as on the chain arrangement in lamellar crystals 

formed upon different cooling conditions.  
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