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The heating process of a series of new crystalline-amorphous diblock copolymers, hydrogenated polynorbornene-block-

hydrogenated poly(1,4-methano-1,4,4a,9a-tetrahydrofluorene) (hPNB-b-hPMTF), has been investigated using time-resolved

small-angle X-ray scattering with synchrotron radiation. When the crystalline hPNB block was the major component in

hPNB-b-hPMTF, the crystallization temperature of hPNB blocks at the maximum rate Tc
� (i.e., the peak temperature of DSC

exotherms during cooling at �5 �C/min) was found to be nearly the same to the glass transition temperature Tg of amorphous

hPMTF blocks. For these copolymers, the excess upturn scattering at low angles was transiently observed during the melting

of hPNB blocks, which depended significantly on the composition and the thermal history applied to hPNB-b-hPMTF before

heating. The crystallized lamellar morphology (i.e., an alternating structure consisting of hPNB lamellar crystals and

amorphous hPNB + hPMTF layers), which had been gradually transformed from the molten microdomain structure by the

crystallization of hPNB blocks, was responsible for the emergence of this scattering, because the excess X-ray intensity was

proportional to the volume fraction of the crystallized lamellar morphology existing in the system. We discussed the possible

origin of this excess scattering by considering the morphological change during melting.
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The morphology formation of crystalline-amorphous di-

block copolymers is complicated depending on the relative

position of the order-disorder transition temperature of block

copolymers TODT, the crystallization temperature Tc of

crystalline blocks, and the glass transition temperature Tg of

amorphous blocks.1–3 When TODT > Tg > Tc, the molten

microdomain structure is frozen at Tc and eventually crystal-

lization is effectively confined within this structure (confined

crystallization), resulting in a crystallized microdomain struc-

ture.4–14 When TODT > Tc > Tg, on the other hand, the

microdomain structure is completely replaced with a crystal-

lized lamellar morphology, an alternating structure consisting

of lamellar crystals and amorphous layers, if the total

molecular weight and the interaction between two blocks are

not large enough (break-out crystallization).15–24 However,

there are limited studies on the morphology formation of

crystalline-amorphous diblocks with TODT > Tg � Tc.
25–27 Ho

et al., for example, investigated the morphology of syn-

polypropylene-block-polystyrene (sPP-b-PS),27 where Tg of

amorphous PS blocks partially overlapped with the Tc range of

crystalline sPP blocks. They observed confined or break-out

crystallization according to Tc they used. Thus, we can expect

that the crystallization behavior and resulting morphology of

crystalline-amorphous diblocks with Tg � Tc depend signifi-

cantly on Tc and also the crystallization time tc, because the

mobility of polymer chains is extremely reduced during

crystallization. As a result, the melting behavior of such

copolymers will be also influenced by the crystallization

condition.

In this manuscript, we try to understand the morphology

formation of crystalline-amorphous diblocks with Tc � Tg by

investigating their melting behavior mainly using synchrotron

small-angle X-ray scattering (SR-SAXS). The block copoly-

mers we used are hydrogenated polynorbornene-block-

hydrogenated poly(1,4-methano-1,4,4a,9a-tetrahydrofluorene)

(hPNB-b-hPMTF, Scheme 1) with various compositions, in

which both the blocks have been intentionally chosen to meet

the condition of Tg � Tc. When the hPNB block is rich in

hPNB-b-hPMTF, the crystallization temperature of hPNB

blocks at the maximum rate Tc
� (i.e., the peak temperature of

DSC exotherms during cooling at �5 �C/min) is ca. 115 �C

and Tg of hPMTF blocks is ca. 122 �C (Figure 2). Therefore,

when hPNB-b-hPMTF is crystallized at Tc
�,28 the molecular

motion is expected to be considerably restricted by the glass

transition of hPMTF blocks, which will result in a variety of

morphologies depending on the crystallization time tc. Actual-

ly, when the crystallized hPNB-b-hPMTF was heated at a

constant rate, we observed an interesting melting behavior.

That is, we had an excess upturn scattering at low angles

transiently appearing in the melting temperature range of hPNB

blocks (Figure 3), which depended significantly on the com-

position and tc. The aim of this study is to clarify the detailed

conditions to observe this excess scattering at low angles, and

furthermore to understand the complicated morphology for-

mation at Tc
� in order to explain the characteristic melting

behavior observed in our block copolymers.

The excess upturn X-ray scattering at low angles was

sometimes reported during the melting process of crystalline
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homopolymers,29–31 which has been believed to arise from the

heterogeneous distribution of electron density when the

crystallized lamellar morphology was melting during heating.

However, the substantial origin of this excess scattering is not

clarified mainly because of the transient process observed only

with the time-resolved SR-SAXS technique. We think that the

emergence of the scattering might be a clue to understand the

complicated morphology formation by a combined effect of

crystallization and glass transition in crystalline-amorphous

diblocks with Tg � Tc.

EXPERIMENTAL

Samples

The crystalline-amorphous diblock copolymers used in this

study are a serious of hydrogenated polynorbornene–block-

hydrogenated poly(1,4-methano-1,4,4a,9a-tetrahydrofluorene)

(hPNB-b-hPMTF, hPNB is crystalline and hPMTF amorphous)

copolymers with various compositions. The synthesis route is

briefly shown in Scheme 1. The norbornene monomer (NB) in

toluene was first polymerized at room temperature for ca. 1 h

with Grubbs catalyst (bis(tricyclohexylphosphine) benzylidine

ruthenium(IV) chloride) as an initiator, followed by the

addition of 1,4-methano-1,4,4a,9a-tetrahydrofluorene monomer

(MTF) to synthesize PNB-b-PMTF at room temperature for ca.

5 d. The NB/initiator and NB/MTF ratios were adjusted to

obtain PNB-b-PMTF with various compositions and molecular

weights. Next, PNB-b-PMTF in xylene was hydrogenated with

p-toluenesulfonyl hydradide at 120 �C for 8 h to obtain hPNB-

b-hPMTF. All the samples synthesized were characterized

using gel permeation chromatography with polystyrene stand-

ards, and the composition was evaluated by 1H NMR.

Table I shows the molecular characteristics of the samples

used in this study, where the numerals in the sample code

represent wt.% of hPNB blocks in hPNB-b-hPMTF. The total

molecular weight of hPNB-b-hPMTF is in a range between

21,000 and 46,000, and the composition changes from 12 to

79wt.% hPNB. These copolymers will be weakly microphase-

separated in the melt judging from the fact that we observed a

morphological transition (molten microdomain structure !
crystallized lamellar morphology) by a static SAXS method

when B61, B68, and B79 (with Tg � Tc
�) were annealed at Tc

�

for a long time (� 4 h).32 For comparison purpose, the

corresponding homopolymers, hPNB and hPMTF, were also

synthesized using the method described above.

Thermal History Applied to the Samples

We employed two thermal histories (Figure 1) to crystallize

hPNB blocks, and subsequently the melting behavior was

observed by differential scanning calorimetry (DSC) and

independently by time-resolved SR-SAXS. In the first thermal

history (Figure 1a), the molten sample at 150 �C was cooled

into room temperature at a constant rate of �5 �C/min, during

which the hPNB block crystallized, and then the sample was

heated at a rate of 5 �C/min to observe the melting behavior. In

the second thermal history (Figure 1b), the molten sample at

150 �C was quenched into Tc
� (shown in Table I), crystallized

there for a prescribed crystallization time tc ranging from 0 h

(corresponding to no crystallization at Tc
�) to 14 h, and then

quenched into room temperature. The sample was finally

heated at a rate of 5 �C/min to observe the melting behavior.

Synthesis route of hPNB-b -hPMTF

NB

PNB

MTF

PNB-b -PMTF hPNB-b -hPMTF

H2

x x xy y

Scheme 1.

Table I. Samples used in this study

Sample Code
Mn

a Mw=Mn
a hPNB:hPMTFb T �

c
c Tm

d Tg
d

(g/mol) (wt.%) (�C) (�C) (�C)

B12 21,000 1.26 12:88 50 111 121

B18 28,000 1.23 18:82 56 110 119

B25 25,000 1.29 25:75 57 103 123

B33 25,000 1.25 33:67 66 116 124

B49 23,000 1.12 49:51 74 127 —

B61 46,000 1.20 61:39 108 131 —

B68 31,000 1.13 68:32 109 135 —

B79 44,000 1.09 79:21 123 144 —

hPNB 9,100 2.18 100:0 117 136 —

hPMTF 15,000 2.02 0:100 — — 141

aDetermined by GPC with polystyrene standards. bDetermined by
1H NMR. cDetermined by DSC with a cooling rate of �5 �C/min.
dDetermined by DSC with a heating rate of 5 �C/min.
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SR-SAXS Measurements

The time-resolved SR-SAXS measurements during heating

were performed at Photon Factory in High Energy Accelerator

Research Organization, Tsukuba Japan, with a small-angle

X-ray equipment for solution (SAXES) installed at beam line

BL-10C. Details of the equipment and the instrumentation are

described elsewhere.33–36 The scattered intensity during heating

was recorded with a one-dimensional position-sensitive pro-

portional counter with the accumulation time of 10 s. The SR-

SAXS curves measured were corrected for the background

scattering and the absorption by the samples, but not for the

smearing effect because SAXES employed a point-focusing

optics. The SAXS curves were finally obtained as a function of

wave number s defined as s ¼ ð2=�Þ sin �, where 2� is the

scattering angle and � is the X-ray wavelength used

(¼ 0:1488 nm). The static SAXS measurements for crystallized

hPNB-b-hPMTF (Figure 6) were also performed at room

temperature using SAXES.

DSC Measurements

A Perkin Elmer DSC Pyris 1 was used to evaluate Tg of the

hPMTF block and Tc
� and Tm of the hPNB block. Tc

� was

determined from the exothermic peak temperature in the DSC

curve when the sample was cooled at �5 �C/min from the

melt. Tm and Tg were determined during heating the samples at

5 �C/min,37 which were in advance cooled down at �5 �C/min

from the melt into room temperature (Figure 1a).

For hPNB-b-hPMTF containing hPNB blocks as the minor

component (i.e., B12 � B33), the melting endothermic peak

was small and Tm was significantly lower than Tg, and therefore

we could evaluate Tm and Tg separately. For other hPNB-b-

hPMTF (B49 � B79), on the other hand, the melting peak was

large and its tail was overlapped with the glass transition range

of hPMTF blocks, so that Tg could not be successfully

evaluated.

RESULTS

Thermal Characterization of hPNB-b-hPMTF

First of all, we evaluated Tg of hPMTF blocks using DSC

during heating and Tc
� of hPNB blocks during cooling.

Figure 2 shows the plot of Tg and Tc
� against the weight

fraction of hPNB blocks in the system �hPNB. Tg for

B12 � B33 is almost constant (�122 �C), and slightly lower

than that of the hPMTF homopolymer (�141 �C). On the other

hand, Tg for B49 � B79 could not be evaluated because the

glass transition range of hPMTF blocks was overlapped with

the tail of hPNB melting endotherms. The DSC and SR-SAXS

results described below show that B12 � B33 form the

crystallized microdomain structure owing to confined crystal-

lization. Therefore, Tg arises from neat hPMTF microdomains

and hence remains constant irrespective of �hPNB. B49 � B79

also have neat hPMTF regions at room temperature, i.e.,

hPMTF microdomains, hPMTF layers in the crystallized

lamellar morphology, or both, depending on the composition

and the crystallization condition, as described later. Therefore,

Tg for B49 � B79, which will arise from these neat hPMTF

regions, is expected to be nearly the same to that for

B12 � B33, as shown by the extrapolated broken line in

Figure 2.

Figure 2 also shows that Tc
� depends significantly on �hPNB.

That is, Tc
� is less than 80 �C (� Tg) for B12 � B49,

indicating confined crystallization, whereas Tc
� is ca. 115 �C

(� Tg) for B61 � B79, suggesting complicated crystallization
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Figure 2. Tg of hPMTF blocks and Tc
� of hPNB blocks plotted against the

weight fraction of hPNB blocks in the system. Tg was obtained
using DSC during heating at 5 �C/min from room temperature and
Tc

� during cooling at �5 �C/min from 150 �C.
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Figure 1. Thermal histories applied to the samples to observe the melting
behavior using SR-SAXS and DSC. (a) The microphase-sepa-
rated sample at 150 �C was cooled at �5 �C/min to room
temperature, kept there for a long time, and then heated at
5 �C/min until hPNB blocks melted completely. (b) The micro-
phase-separated sample at 150 �C was first quenched into Tc

�

(shown in Table I), annealed at Tc
� for a prescribed time tc

(0 � tc � 14h) to crystallize hPNB blocks, quenched again into
room temperature, and finally heated at 5 �C/min until hPNB
blocks melted completely.
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which will depend on the crystallization condition. This fact is

strongly supported by the DSC results showing that the

crystallinity of hPNB blocks for B61 � B79 is significantly

larger than that for B12 � B49.9,25,27 In summary, Figure 2

indicates that B12 � B49 have Tg � Tc
� to result in confined

crystallization, whereas B61 � B79 have Tc
� � Tg, and the

crystallization of hPNB blocks at Tc
� will be considerably

influenced by Tg of hPMTF blocks. This means that the

resulting morphology and eventually the melting behavior

depend significantly on the crystallization condition such as the

crystallization time tc at Tc
�.

SR-SAXS Curves during Heating

Figure 3 shows the typical time-resolved SR-SAXS curves

during heating from 50 �C to 171 �C at 5 �C/min for B25 (a),

B68 (b), B79 (c), and hPNB (d), which were in advance cooled

down from 150 �C into room temperature at �5 �C/min

(Figure 1a). The peak intensity appearing at 50 �C for B25

increases drastically in the melting temperature range of hPNB

blocks (Figure 3a), but the angular position of the intensity

peak does not change through the heating process and is

virtually identical to that of the molten microdomain structure.
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Figure 3. Time-resolved SR-SAXS curves during heating from 50 �C to 171 �C at 5 �C/min for B25 (a), B68 (b), B79 (c), and hPNB (d), which were in advance
cooled from 150 �C into room temperature at �5 �C/min.
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Figure 4. Tm obtained from DSC measurements at a heating rate of 5 �C/
min plotted against the weight fraction of hPNB blocks in the
system. The gray area represents the temperature range where
the excess upturn SAXS is observed when the sample is heated at
5 �C/min.
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Figure 3a clearly indicates that B25 (and also B12, B18, and

B33) forms the crystallized microdomain structure at 50 �C,

and any morphological transition does not occur in the melting

range of hPNB blocks. The increase in the peak intensity

simply arises from the change of electron density contrast in

hPNB microdomains by melting.

The SR-SAXS curves of B68 and B79 shown in Figures 3b

and 3c seem to have no distinct scattering peaks at low

temperatures (50 �C � T � 120 �C), but they actually have the

scattering peaks mainly arising from the crystallized lamellar

morphology, which can be easily found in a logarithmic plot of

the scattered intensity against s (Figure 6). The small differ-

ence in electron density between the crystallized hPNB and

amorphous hPMTF domains will be responsible for the small

peak intensity.38 The SR-SAXS curves at higher temperatures

(>120 �C) have the pronounced scattering peak arising from

the molten microdomain structure. In addition to the scattered

peak at the finite angle, Figure 3b and 3c show a transient

excess scattering at low angles (indicated by an arrow in

Figure 3b and 3c). This upturn scattering appears only at the

temperature range where the main peak intensity increases

drastically, which will be caused by the melting of hPNB

blocks, as described in the heating process of B25. This excess

scattering can be also clearly observed during the melting

process of hPNB homopolymers (Figure 3d).

In order to understand the relation between the hPNB

melting and the emergence of excess scattering, Figure 4 shows

Tm (circle) and the temperature range of excess scattering

(gray area) plotted against �hPNB, where Tm is completely

included in the gray area. Therefore, we can conclude that the

transient excess scattering observed at low angles is intimately

related to the melting of hPNB blocks during heating.

The excess scattering intensity depends significantly on

�hPNB, as observed in Figure 3b and 3c. Figure 5 shows the

�hPNB dependence of the normalized maximum intensity IN of

the excess scattering for hPNB-b-hPMTF with the thermal

history shown in Figure 1a, where IN is defined as,

IN

¼
maximum intensity at s ¼ 0:02 nm�1 during heating

scattered intensity at s ¼ 0:02 nm�1 in the melt (�150 �C)

ð1Þ
IN is almost 1 for B12 � B33, indicating no excess scattering

appears in the melting range of hPNB blocks. On the other

hand, IN increases considerably with increasing �hPNB for

B61 � B79, and will take a large value at �hPNB ! 1. In

summary, the excess upturn scattering observed at low angles

during heating is intimately related to the melting of hPNB

blocks and also depends significantly on �hPNB.

Morphology Formed by hPNB Crystallization at Tc
�

In order to clarify the origin of the excess scattering at low

angles, we observed the melting behavior of hPNB-b-hPMTF

with the thermal history shown in Figure 1b. First, we

investigated the time evolution of the morphology formed by

the crystallization of hPNB blocks at Tc
� using a static SAXS

method for selected hPNB-b-hPMTF copolymers. The typical

SAXS curves for B25 and B68 are shown in Figure 6 as a

function of tc. Figure 6 also includes the SAXS curve from the

molten microdomain structure at 150 �C (gray curves). The

SAXS curve for B25 (Figure 6a) does not change practically

with increasing tc and resembles that for the molten B25. The

SAXS curve for B68 (Figure 6b), on the other hand, changes

significantly with tc; it has a scattering peak when tc ¼ 0 h,

however, another scattering peaks (indicated by arrows in

Figure 6b) appear with increasing tc, by which the original

SAXS peak is completely replaced at tc ¼ 7 and 14 h. The

angular positions of new peaks exactly correspond to a ratio of

1:2, suggesting that the crystallized lamellar morphology is

slowly and steadily formed in the system with increasing tc at

the expense of the molten microdomain structure. Therefore,
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B68 crystallized at Tc
� for an insufficient time (i.e., B68

isothermally crystallized at Tc
� for tc � 4 h and B68 with the

thermal history shown in Figure 1a) is expected to have a

mosaic structure at room temperature consisting of the crystal-

lized lamellar morphology and the crystallized microdomain

structure.

It is possible to evaluate the volume fraction of the

crystallized lamellar morphology �L formed in the system as

a function of tc assuming that the SAXS curve at 0 h arises only

from the crystallized microdomain structure and that at 14 h

from the crystallized lamellar morphology. Figure 7a shows

the plot of �L against tc for B25 (square) and B68 (circle). �L is

0 for B25 irrespective of tc, indicating again that the hPNB

block crystallizes completely within the microdomain structure

(confined crystallization) because Tg of hPMTF blocks is

significantly higher than Tc
� of hPNB blocks (Figure 2). �L for

B68, on the other hand, increases gradually with increasing tc.

The crystalline hPNB block is the major component in B68 and

the driving force of crystallization is large even at temperatures

close to Tg, resulting in the crystallized lamellar morphology.

Figure 7a implies that the crystallization rate of hPNB blocks

in B68 is considerably decelerated owing to the effect of glass

transition, and the formation of the crystallized lamellar

morphology at Tc
� needs a long time (�10{14 h) compared

to the low molecular weight crystalline-amorphous diblocks

with Tc � Tg.
15–17

When the thermal history shown in Figure 1b is applied to

hPNB-b-hPMTF, the SR-SAXS curves, in particular the excess

scattering intensity, during heating changed significantly with

increasing crystallization time tc at Tc
� (data not shown).

Figure 7b shows the tc dependence of IN for B25 and B68,

where IN for B25 is 1 irrespective of tc, but IN for B68 increases

moderately with increasing tc. In order to find the quantitative

relationship between IN and the amount of the crystallized

lamellar morphology, we plot IN (Figure 7b) against �L

(Figure 7a) in Figure 8, where we can find a linear relation

between them. That is, IN is proportional to the volume fraction

of the crystallized lamellar morphology existing in the system

before heating. In summary, the transient excess scattering

observed at low angles originates from the crystallized lamellar

morphology, which has been formed in advance by the

crystallization of the hPNB block at Tc
�.

DISCUSSION

The pronounced upturn X-ray scattering at low angles is

sometimes reported during the melting process of crystalline

homopolymers.29–31 Wang et al., for example, investigated the

melting behavior of syn-polypropylene (sPP, Mw � 174;000)

using time-resolved SR-SAXS,31 and found a significant upturn

scattering in the melting temperature range of sPP. They

concluded that this excess scattering originated from the

transient heterogeneous structure appearing during the melting

of sPP crystals. However, the substantial origin of this

scattering is not clear, because it is difficult to characterize

the heterogeneous structure only from the excess scattering. In

the present study, we observed the excess scattering during the

melting process of hPNB homopolymers (Figure 6d). In

addition, similar melting behavior was observed for poly("-

caprolactone) (PCL) homopolymers (Mn � 11;000) and poly-

(ethylene oxide) (PEO) homopolymers (Mn � 15;000) in our

preliminary studies.
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On the contrary, we could not observe such pronounced

excess upturn scattering when we pursued the melting behavior

of PCL-block-polybutadiene (PCL-b-PB)34 and polyethylene-

block-PCL (PE-b-PCL)39 using SR-SAXS. In these copoly-

mers, the glass transition temperature of amorphous blocks

(PB blocks for PCL-b-PB and PCL blocks for PE-b-PCL) is

extremely lower than the melting temperature of crystalline

blocks, so that the melting of crystalline blocks immediately

leads to the morphological transition (crystallized lamellar

morphology ! molten microdomain structure) without any

intermediate structure,15 which is substantially different from

the present hPNB-b-hPMTF with Tg � Tm. This fact may

imply that the emergence of excess scattering is related to the

stability (or relaxation time) of some heterogeneous structure

transiently appearing during melting.

The electron density difference between the crystallized

hPNB and the amorphous hPMTF is expected to be extremely

small, as found from the small SR-SAXS peak (Figures 3b and

3c). Therefore, the excess scattering arises from the electron

density contrast between amorphous hPMTF/amorphous

hPNB or amorphous hPNB/amorphous hPNB just melted

during heating. The fact that the excess scattering is observed

for crystalline homopolymers (sPP, hPNB, PCL, and PEO),

where no second component exists in the system, suggests that

the excess scattering arises from the electron density contrast

between the melting hPNB regions and the amorphous hPNB

regions originally existing in the crystallized lamellar mor-

phology. That is, the amorphous hPNB regions just melted

might have a slightly higher density compared to the originally

amorphous hPNB regions, and the relaxation process of higher

density regions into normal density regions takes a substantial

time because of slow mobility owing to Tm � Tg. Therefore,

we can observe the transient scattering only for crystalline-

amorphous diblocks with Tm (or Tc
�) � Tg. However, we have

no chance to observe the density heterogeneity during the

melting of diblocks with Tm � Tg, because the amorphous

region just melted transforms immediately into the part of

microdomain structures and eventually no third phase (i.e.,

microdomain structure with higher density domains) is ob-

served during melting.15 In the melting process of crystalline

homopolymers, the density heterogeneity will relax gradually

according to the thermal fluctuation because no structure is

formed after melting. Therefore, we have a finite period to have

the density heterogeneity, during which we can observe the

excess X-ray scattering. This speculation is not supported by

any experimental results, and it is necessary to quantitatively

investigate the heterogeneous structure appearing during the

melting of our block copolymers.

CONCLUSION

We have investigated the melting behavior of a series

of new crystalline-amorphous diblock copolymers, hydrogen-

ated polynorbornene-block-hydrogenated poly(1,4-methano-

1,4,4a,9a-tetrahydrofluorene) (hPNB-b-hPMTF), using time-

resolved SR-SAXS methods. The crystallization temperature of

hPNB blocks at the maximum rate Tc
� was nearly the same to

the glass transition temperature of hPMTF blocks for hPNB-

rich hPNB-b-hPMTF copolymers. The excess upturn X-ray

scattering at low angles was transiently observed in the melting

temperature range of hPNB blocks during heating, which

depended significantly on the composition and the crystalliza-

tion time at Tc
�. The crystallized lamellar morphology was

responsible for the emergence of this scattering, because the

excess scattering intensity was proportional to the volume

fraction of the crystallized lamellar morphology existing in the

system before heating. One of the possible scenarios is that

such excess scattering arises from the heterogeneous structure

consisting of just melted hPNB regions (with slightly higher

density) and originally amorphous hPNB regions (with normal

density) within the crystallized lamellar morphology.
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