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Chain-length dependent conformational transformation and melting behavior of
alkyl/oligo-oxyethylene/alkyl triblock compounds. I. a-Hexyl-a-hexyloxyoligo-

(oxyethylene)s

Koichi Fukuhara, Takahiro Mizawa, Tomohiro. Inoue, Hirotaka Kumamoto, and Hiroatsu
Matsuura
Department of Chemistry, Graduate School of Science, Hiroshima University, Kagamiyama,

Higashi-Hiroshima 739-8526, Japan

1. Introduction

Higher-order Stri:ctures formed in the block copolymers consisting of component blocks 4
that tend to crystallize have recently received attention in the ﬁeld of softmaterial ‘science as a
new design for mesoscopic structures. [#010, #020, #030, #040] An important factor gdverning
‘the mesoscopic structures formed in the crystallizable copolymers is polymorphism of
constituent blocks. Recently, chaiﬁ-length dependent cgnfonnational polymorphism and -
transformation has been observed in a series of short-chain model compoﬁnds;
alkyl/oligq-oxyethylene/alkyl triblock compounds H(CHz)AOCHzCHz);,,O(CHz),,'H‘ (abbreviated
as C,,E,,,C,,'), and two distinctive molecular forms, namely a highly extended all-trans planar form
and a Aplénar/helical/planar triblock form, have been foﬁnd in the solid state. [#050, #060, #070,
#080, #090, #100] These molecular forms are shown in Fig. 1. |

The all-tran; planar form, called the y form, has been observed for the homologs with
' th¢ end alkyl blocks with the length comparable to or longer than that of the central oxyethylene
block. In the y form, the oxyethylene chain,‘—(OCH2CH2).,,,—, usually assumes a helical structure

with a repeated trans-gauche—trans conformation for the AO—CH;—CH;—O segment in the solid
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state [#110], was constrained to assume a planar structure w1't|h an all-trans conformation.

On the other hand, the planar/helical/planar triblock fbrm has been observed for the
' CrEnCors with the end alkyl blocks with the length shorter than that of the central oxyethylene
| block. The planar/helical/planar triblock form iﬁvolves two confonnétional forms, called the ‘
form and the ap form. The difference between the B form and the o form lies in the
confbnnation around the CC-CO bond adjacent to thé central oxyethylene block; whereas the 8
form assumes the gauche conformation around two of these bonds,vthe off form assumes the
gauche conformation around one of these and th'e.trans conformation arouhd the other.

The chain-length dependent coriformationai transformation between the all-trans planar
form and planar/helical/planar triblock form have been attributed to a crystallization competition
between the oxyethylene gnd alkyl blocks, and the unusual planar structure of the oxyethylene

chain is resulted from conformational adaptation to an restricted lattice space formed by the alkyl

blocks. [#080]

We afe interésted in the follo§ving subjects on chain length dependent éonformational
and melting behaviors of the .'C,,E,,,C,,' triblock compounds: (1) balance of _intra-' and
i‘ntermolecular forces acting in the solid state and (2) comparison of me]ting behavior between
C,E»Cys in the y form and n-alkanes. | |

(1) The intra- and intermolecular forces include: an intramolecular conformational
restoring force of the oxyethyiene block that tends to assumé the helical structure rather than the
planar structure; an intermolecuiar cohesivé forcé for the alkyl blocks based on van der Waals
force; and an interrnolecular. force due to the dipole-dipole interaction acting betWeen local
dipole of the C-O segments.

The intramolecular conformational restoring »force, of the oxyethylene block results from

a tendency of the oxyethylene chain to be the helical structure in the bulk without external forces.
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In other words, the planar oxyethylene chain has a property to revert the intrinsic helical structure,
like as an extended spring restores its original form [#120]. Therefore, the intramolecular
conformational restoring fbrce of }t.he oxyethylene block opposes the intermolecular cohesive
force for the alkyl blocks in the all-frans planar y form. Another intermolecular force, the
intermolecular local dipole~dipole interaction between the C-O segments, is a possible force
affecting crystal stability. This force acts both attractive and ;epulsive betwéen the _molecules.
| (2) Comparison of the melting behavior between C,E,,Cyss in the y form and n-alkanes is
of great interest from a structural and thermodynamic point of view, because molecular geometry
of the y form, ‘o,ne of the stable polymorphs of the C,,E,,,C,,r triblock compounds, is similar to that
of n-alkanes in the solid sfate. Recently, we have studied on melting behavior of the‘ symmetric
C,EnCy compéuncis in the y form and have found éome‘ interesting information; e.g., significant
low melting point of C,E,C,s compared to that of n-alkanes and a relation between
conformational stability and enthalpy of melting of C,E,Cys. [#130]
In this work, we have studied the melting behavior of a series of symmetric triblock
compounds H(CHz)e(OCH;;CHz),,;O(CHz)sH (C6ECs) of high purity with changing the number
of the oxyethylene unit () from one to seven, and have assigned the observed thermal transitiqn

to the structural change of the CsE,,Cs compounds.

2. Experimental

2. 1. Materials

The C4E,,Cs triblock compounds treated were synthesized in this work. The CeEnCe
compounds with m = 1-4 were prepared from i-chiorohexane (H(CH,)Cl) and pertinent
oligoethylene glycol (H(OCH,CH,),OH, m = 1-4) with tetrabutylammonium hydrogensulfate -

((C4Hg)sNHSO,) as a phase transfer catalyst [#140]. The C4E,»Cs compounds with m = 5-7 were
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prepared by_the same method from 1-chloro-3,6-dioxadodecane (H(CH,)s(OCH,CH,),Cl) and
pertinént oligoethylene glycol. All materials were purified by répeated vacuunﬁ distillation and
Kugelrohr distillation. Some of C¢E,Css were pre-purified by column chrom;tography on silica
gel- before distillation. The purity was checked by gas chromatography and the values of purity
obtained were 99.8 % (CeE1Cs), 99.9 % (CsE2Cs), 99.9 % (CsEsCs), 99.9 % (C5E4C6), 99.7 %

- (C4BsCe), 99.9 % (C¢ECs), and 99.8 % (CeEqCs)

2.2. DSC measurements

DSC melting curves of the CsE,,Cs compounds were measured on a Shimadzu DSC-50
differential scanning calorimeter equipped with a Shimadzu LTC-50 cooling jacket. All samples
were solidified at a cooling rate of 3.0 K./min’l and kept at about 220 K for 30 min before
measuring DSC melting curves. Annealing was also adopted to the solidified samples for
comparison of the DSC curves on thermal history dependency. Thermodynarflic quantities
including melting points (7y,), solid-solid transition température (T), and enthalpy of melting '
(AH,,) were measured at a heating rate of 3.0 K min~’ over the temperaturé range 230 to 290 K.
Temperature and enthalpy change were calibrated with those of standard samples of n-dodecane
and indium. The reproducibility of the observed DSC melting curyés was confirmed by the

measurements on different samples of the same compound.

2. 3. IR measurements

The IR spectra were recorded on a Perkin Elmer Spectrum One Fourier transform
spectrometer with a spectral resolution of 2.0 cm™. The spectfometer was operated ‘in an
environment that had been purged dry nitrogen gas. A Peltier cryostat cell was used to measure

the IR spectra of the CE,,C¢ compounds in the solid state in the temperature rangé from 230 to
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290 K.

3. Results and discussion

In the pre\;ious< Raman and IR sbectroscopie_ studies for the C¢EnC compounds in the
solid state at 1iquid nitrogen temperature, we have found that the C¢E,Cs compounds with m =
1-4 assume the all-trans planar y form and those With m = 5-7 assume the planar/helical/planar
triblock B form, [#070, #080] However, the purity'of 95—99 % for these samples in the previous
work was insufficient to perform significant thermal analysis and detailed structural discussien.
Therefore we have further purlﬁed the C¢ECe samples more than 99.7 % in this study and have

carried out thermal analysis and IR spectroscopic measurement for the punﬁed samples

3.1. An overview on the melting behavior of the C¢E,,Ce compounds

Of the C¢E,,Cs compounds studied, only C¢EsCs gave different DSC melting curves, oﬁe
obtained by an unannealed erystalhne sample solidified from the liquid and the other obtained by
a crystalline sample annealed at about 260 K for more than one hour. This th.ermal history
dependence sbuggest that the C¢EsCs compound has the nature of polymorphism. For other
QGE,,,Cg compounds ‘studied, the DSC melting curves were essentially the same irrespective ef the
thermal l;istory.

The DSC meltlng curves for the C¢E,Cs compounds are shown in Fig. 2. The DSC
curves are classified into two types on their feature One assumes single endthermal peak and the
other assumes several endthermal peaks.

On the DSC curves for C¢E,Cg, CéE2Cs, CeE3Cs, CsE4Cs, and CeEsCs (annealed), a
single ‘endothermal peak is obser;/ed. Closer examination indicates that a weak unresolved

shoulder at lower temperature to the side of the main peak for the curves of C§E4C6 and C¢EsCs
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(annealed). Because the shoulder, considered to be é solid-solid transition, have not been
resolved from the main peak in spite of applying a slower heating rate of -0.3 K min™, we treat
these endothermal peaks as a single endothermal peak of melting in this study.

On the DSC curves for C¢EsCs (unannealed), C¢EsCs, and CsE;Cs, several distinct
endothermal peaks, suggesting a stepwise melting including solid—solid transitions, are observed
in the temperature rahge from 230 to 290 K. The change of the type of the DSC curves for

CeEmCes with increasing m should reflect a chain-length dependent conformational

transformation.
Before discussing melting behavior of the C¢E,,Cs compounds for each molecular forms, -

we clarify polymorphism of C¢EsCs.

3. 2. Polvmornhism'of CeEsCs

In the previous study [#070], the DSC curve of the C¢EsCs éompound did not change
depending on thermal treatment. That was probably attributed to contaminant and a slow
solid—solid transition from a metastable state to a stable state. Actually, complete transiﬁon was
required for an annealing period more than 45 min even at a temperatufe 0of 256.5 K, only 3.8 K
lower than the melting‘temperaiure of 260.3 K fc;r unannealed sample. The polymorphism féund
in this study makes it necessary to confirm the stable molecular form of C¢EsCs in the solid state.

To determine the moleculér conformation i1;1 the solid state, we have measured IR
spectra for C¢E4Cq, C¢EsC¢ (annealed and unannealed), and C¢E¢Cs in the solid state, where the -
molecul_ar fonns. of the C¢E4Cs and C’6E6C6 compounds has been determined to the y form }and B ‘
form, respectively. [#070; #080] The IR spectra for these compounds in the solid state at —40 °C
are shown in Fig. 3. These spectra Were measured for the samples with the same thermal

treatment in the DSC 1néasurement.
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VThe spectra of C¢EsCs (annealed) is similar to thét of C¢EsCs. A distinct band at
1500-1495 cm™ and a strong band at 96'5—960 cm™ are attﬁbuted to the all-trans planar y form.
[#080] Therefore the annealed sample of C¢EsCg assume the y form.

On the other hand, the spectra of C¢EsCs (unannealed) is similar to that of C¢E¢Ce. A
well defined band at about 1280 cm™’, strong bands centered around 1110 cm™, and a complex
spectral feature in the 900-800 cm™! region, assignevd to the trans-gauche~trans conformation of
the CH,O-CH,-CH,~OCH, group in the oxyethylene chain [#150], are the characteristic baﬁd
for the planar/helical/planar friblock form. In addifion‘, Thg bands at 817, 748, and 723 cm.,
assigned to the CH;CH,~CH,~CH-CH,-CH,O group in the (trans)s—gauche conformation
[#080], are observed for the spectra of C¢EsCs (unannealed) and C¢E¢Cs. The presence of these
bands indicates that the molecular form of unannealed C¢EsCs is the 8 form.

In conclusion, two. conformational forms have been established for the» CeEsCs |
compound in the solid state: the § form for the unannealed solid obtained by cooling of the
liquid; and the y form for the solid thained by annealing of the solid. The y form is the stable
form for CeEsCs and the polymorphism between the y and B forms is monotropic, because an
exothermal peak has been observeci on the isothermal DSC curve for the ;cransition from the B
form to the y form and the melting temperéture for the ¥ form (263.0 K) is higher than that for the

B form (260.3 K).

3. 3. Melting behavior of C¢E,.Ce for each molecular forms

From the results of the preceding section, C¢EsCs assumes two polymorphs, the all-frans
planar y form and the planar/helical/planar triblock B form, in the solid state. Therefore, the
cAompounds' assuming the y form are C¢E;Cs, C4E2Cs, CeEsCq, C4E6Cs, and C¢EsCs (in the

annealed sdlid), and those aésuming the B form are C¢EsCs (in the unannealed solid), CsEsCe,
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and C6E7C§. |

T_he'observed thermal quantities including Ty, AHm, and the entropy of melting ASm,
~ calculated from the relation of ASy = AH/Tr, at a melting temperature, are listed in Table 1. The
values of enthalpy change are expressed in units per gram of substances, because these
expressions are convenient to evaluate difference between the C¢E,Cs and n-alkane homologs.

In what follows, we will discuss ‘oﬁ -the melting behavior of the solid of the y form and

then clarify the relationship between melting process and structural change of the B-form solid.

3. 3. 1. Melting of the all-trans planar modification (the y form)

In the preliminary study [#130], we have’ compared the values of T m, AHp, and AS;, for
some planar modiﬁcation: of C,E,.C,,s with those of n-alkanes. The refined thenﬁodynamic values
in this study allow further quantitative discussions. Comparison between thermodynamic
quantities of the y-form C¢E,,Css and those of n-alkanes based onvthe refined values including Ty,

AHy, and ASy, and their chain length dependency will be discussed below.

3.3.1. 1. Comparison of melting temperature between C¢E,,C¢s and n-alkanes

Melting temperature (7j,) for CsE,,Css and r-alkanes are compared in Fig. 4. [#160,
#170, #180] The crystalline'—rotétor phase transition temperature (Tc,y;,o) for n-alkanes are also
shown in Fig. 4. Two interesting views are observed in the figure: (1) an odd—even alternation of
T'm for C¢E,,Ces with the n‘umb_ér of backbone atoms (M) {or with the number of the oxyethylene
units (m)} and (2) very low T3, for C¢E,,Css compared to that for n-alkanes.

(1) The Tp-alternation is similar to wellfknOWn that for n-alkanes. Because an increment
of N, with m is three, parity of M, alternates with c\onsecutive m. 1t is strongly suggested that the

crystal packing of the planar CsE,,Cs molecules changes alternatively depending on the parity of
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N, like that of the n-alkane molecules. [#160] The odd—even alternation of 7y, for the all-trqns
modification of C,E,,C,s has been clearly shown for the first time using pure C&Z,,,Cs samplcs in
| this study.

(2) The value of T for C¢E,Ces .is appreciably lower than that‘ for corresponding
n-alkanes. Although .;Z"m (and Teyso) for both homologs increases with increasing M, the
increment of 73, for C¢E,;,Css with Nb is smaller than that for n-alkAanes. Therefore, a deviation of
T for CeEnCes from Ty (and Teyo) for n-alkanes becomes greater with increasing m. It is
surprising that the Ty, difference between annealed CeEsCs (7m = 263.0 K) and n-Octacosane (T
= 334‘7 K) w'ith’ the sa'ma N, of 28 goes up to over 70 K. To examine Ty-lowering factors for
C6E,,,C6‘s, we have evaluated contribution of the enthalpy and entropy of melting to T of

CeE,nCes. In what follows, we will discuss this problem.

3.3. 1. 2. Comparison of enthalﬁy of melting between C6EnCes and n-alkanes

Enthalpy changes, AHy, for CeEnCes, and AH,, and AHioua for ’n—alkane‘s, are shown
against N, in Fig, 5, v§here AH,, means the enthalpy of melting of the rotator phase and AHieu
. means a sum of the enthalpy change of crystalline—rotator phase transition (AHery-ro) and Afx.

In Fig. 5, the values of AHy, for C¢En,Css are slightly larger thaﬁ those of AHy, for
n-alkanes, and decrease stepwise with increasing fraction of the oxyethylene block in the CeEnCs
molecule. The observation of the decreasé of AH,, indicates that introduction of the oxyethylene
block in the molecule lowers AHy of C¢E,Ces. This can be explained by the conformational
restoring force that operates a transformation of the metastable planar structure of the
oxyethylene blbck into the stable helical structuré. This structure restoration force oppéses the
ihtérmolecular packing force in the alkyl blocks, leading to an increase of Gibbs energy of

crystals of C¢E,Css and resulting in the decrease of AH,, In addition, the intermolecular local
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dipole—dipble interaction of the C—O segments and a small intermolecular gap between the planar
~ oxyethylene segments in the crystal [#080] are also possible factors to affect Gibbs energy of the
crystal. A complete quantitative understanding of the behavior requires further experimental and

theoretical effort.

3.3.1.3. Comparisoh of entropx of melting between C¢E,,Cgs and n-alkanes

The entropy of melting (ASy) for C¢E,Css, the entropy of melting of the rotator phase
for n-alkanes (ASp), and- a sum of the entropy change of crystalline-rotator phase transition
(ASery—ro ) @and AS;, for n-alkanes (ASi); are plotted against Ny in Fig. 6. The values of ASy are
similar to those of ASio1, but the slope of the plot of ASm are slightly gentler than those of ASial
on the whole. This gradual slope indicate that the Qalues of ASy, for C¢E,Ces tend to decrease
compare to those of ASiqa With increasing fraction of the oxyethylcne block in the mo]ecule..

For flexible linear molecules, AS, can be expressed és a sum of the three terms, ASy, AS&,
and AS,, where AS, is a éhange in entropy due to the increase in volume 'on rhelting, ASsis a
chaﬁge in entropy due to thé occurrence of long-range disorder including the changes of the
position and the orientation of lholecules, and AS; is a chénge in entrépy due to the increased
conformational freedom of molecules in the melt. [#190, #200, #210, #220] Since the magnitudes
~of AS, for C¢EnCes and n-alkanes are most probably noi appreciably different and their
contribution to AS,, is small compare to that of AS; and AS,, we will consider only‘the two terms,
AS; and AS., for discussing the observed values bf AS,, for C¢E,,Css in comparison with those of
‘AS!otal for n-alkanes.: |

\The- entropy change AS; is related to the randomness of the molecular configurations in
the melt. As local miscibility between the alkyl and oxyethylene blocks are low, they are likely to

separate to form domains in the melt, like as a microdomain structure of block copolymers
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[#230], resulting in the structural organization. Accordingly, the increase of the fraction of the.
oxyethylene Bloci( in the C¢E,,Cs molecule should promote organized structure in the melt and
give rise to a decrease of AS;, which then contributes to lbwing ASy.

The term AS,, on the other hand, is related to the flexibility of the molecule. As the
oxyethylene chain is more flexible than the alkyl chain, [#240] the increase of the fraction of the
oxyethylene block in the C¢E,Cs molecule leads to the increase of AS. -This term thus
contributes to raising AS,, The contributions of ASs and AS, for oxyethylene block to ASx for
. 'CgBnCes found to be opposites. The observed similar values of ASy, for C6E,,,C6§ and that of
| A ASioe1 for n-alkanes and gradual slope of ASy with incréasing the fraction of the oxyethylene
biock in the C¢E,,Cs molecule can be explained as a consequence of larger contribution of ASg
than AS; to AS, for CGE;,,Css. |

Thjs result indicates that the lower melting points for the all—tréns CeEnCs oligomers than for
n-alkanes are ascribed to the higher Gibbs energy of crystals for thé former. As mentioned before,
the Gibbs energy for C¢E,Ces, which results from the weakened inteﬁnolecular packing force
caused by an effect of the structure restoration force in the bxyethylene block lowers the values

of AH.

3. 3. 2. Meltin s of the planar/helical/planar modification (the B form

In Fig. 2, the melting curves for the samples of C¢EsCs (unannealed), C¢E¢Cs, and
C§E706 show several endotherms, indicating some solid-solid transitions. To clarify what
structural change occurs via these transitions, we have measured the change of IR spectra with
teniperature. The IR spectra of CsE¢Cs at various temperatures are shown in Fi g. 7, together with
the corresponding DSC melting curve of C6E6C.lé for comparison.

The feature of the IR spectra have changed at about 254 K and 268 K. These
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temperatures correspond to T (¥ 254.0 ‘K) and Ty, (= 268.3 K), respectively, determined by DSC
| measuremeﬁt. Since CsE¢Cs assumes the [3‘ form at temperatures below T3, the end alkyl blocks
assume the plana; structure and the central oxyethylene block assumes the helical s;tructure below
- T, With increasing terhperature, bands at 1435, 1021, 1000, and 817, dehoted to arrows in the IR
Spebtra, disappears at a temperature over about 254 K. All these .bands’are the cdnfonnational
~ characteristic bands assigned to the alkyl blocks with the T-T-T-G lconformation' in the
CHsCHz—CHz—CHz—CHz—CHzO part.[#080] In addition, no bands assigned to an ordgred |
structure of the alkyl parts are observed above T;. This means that the alkyl blocks in the CsE¢Cs
moiecu]e are disordered, in other words nearly melt, above the solid—solid transit_ion temperature
of 254.0 K. On the other hand, the bands related to the oxyethylene block are éssentially remain
unchanged via th;s transition. Therefore, up to the melting temperature of 268.3 K, the C¢EcCs
crystal retains a “partially-melt” structure.
The enthalpy of transition AH; have been measured to 34.2, 30.2, and 28.3 J g~l for
Ce¢EsCs (unénnealed), C6E6C6,‘and CsE1Cs, respectively; ‘These vélues can be converted to the
values for the planar alkyl part bécause the enthalpy change results from a structure change of thé
alkyl part on the basis of the IR results‘. Consideriﬁg that, in the B form, the alkyl CH, groups
adjacent to the central oxyethylene block is out of planar structure of the alkyl blocks (refer. Fig.
D), v;'e can assume that the CH3(CH,)4 parts of th_e alkyl blocksy contribute to this transition. Qn
the assumption; the values of AH, are convertéd t0 97.7,95.6, and 98.3 J g'1 {or 1.37, 1.34, and
1.38 kJ (mol of CH,)™"} for CeEsCs (unaimealed), Ce¢EcCs, and C¢E-Cs, respectively. Almost
same value between these compounds means that the above assumption is correct. The converted
values are only about 3/5 of the values of AH, fdr n-alkanes (ca 160 J g, refer Fig. 5). These
small values mean that the alkyl blocks are loosely packed‘in the solid state even below 7i. This

can be explained by a structural adaptation of the alkyl chain in an excessive void by the crystal
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lattice of the helical oxyethylene block. [#080]

In a similar manner, as the enthalpy of melting AHy, is attributed to the melting of the
helical oxyethylene part in the molecule, AHy, can be converted to corresponding values of 181.1,
181.6, and 183.0J g™ {or 7.97, 7.99, énd 8.05 kJ (mol of OCH,CH,)™} for C¢EsCs (unanneaied),
CsEsCs, and C6E7C6, respectivély. These. values are very close to the extrapolafed value of 1881]
g™, the enthalpy of melting for perfect crystal of polyoxyethy]ene.[#iSO] As a result, a
crystallinity of the central oxyethylene block is found to be sufﬁciently high in the solid for the B
form. |

Entropy changes via these phase transitions also offer some interesting structural
information, The values of entrbpy of transition AS;, 54.4, 53.6, and 55.6 J mol ! K for C§E5C6
(unannealed), CsEsCs, and CsE7Ce, respeétively, are almost constant irrespective of the number
of oxyethylene unit 7. This confirms that the transition results from the alky! part. The value of
ca. 55 I mol™ K™ for meltmg of the end alkyl CH3(CH,)s— parts can be converted to 5.5 J (mol
of CH, and CH;)! K. This value is larger than that of 24 J (mol of CHy)™ K'1 for
crystalline—rotator phase transition of n-alkanes.[#l60] Therefore, alkyl part is more disordered
in the “partially-melt” phase of CGE;;CGS than in the rotator phase of n-alkanes.

Table 1 indicates that the values of entropy of melting ASy for B-form CeEnCes is
increased with increasing m. Entropy change ihcfements with m, which correspond to entropy of
melting for an oxyethylene ﬁnjt, are 24.7 and 24.8 J mol”! K™ for m = 5-6 and m = 6-7,
respectively. These values are very close to the value of 24.4 J (mol of OCH,CH,)™ K™ for
perfect crystal of polyoxyethylene.[#250] This supports the above fact that the crystallihity of the

central oxyethylene block is sufficiently high in the solid for the f form.

3. 3. 3. Relation between conformational transformation and thermal quantities
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It is interesting to note a correlation between chain-length dependent conformational and
.thermodynamic behaviors for the C¢E,,Cs compounds. In the previous vibrational spectroscopic
results, we have found that the molecular conformation of C,E,,C,s correlates with the ratio of
the oxyethylene and alkyl block length. If the central oxyethylene block with the length shorter
~than that of the end alkyl blocks, the oxyethylene block assumes the planar structure. [#680]
Otherwise the oxyetiiylene block assumes ti)e helical structure. In this study, we have confirmed
that the molecular form of the CgE,,C¢ compounds has transformed from the planar y form to the
planar/helical/planar triblock p form at m =5 with iﬁcreasing m. In this matter, the conformation
of .C,,E,,,C,,s in the solid state is determined by a balance between the intramoleculaf
conformational resforing force of the central oxyethylene block and the intermolecular packing
force of the end alkyl blocks. It is expected thefefore that with ‘increasing fraction of the
oxyethylene block in the C,,E,,,C,, molecule, the planar oxyethylene structure beeomes less stable.

As mentioned before, AHy, of the y-form C¢E,,Ces has decreased from 180.0 J g™ for -
C6E1‘C'6 to 163.17J g."l for C¢EsC¢ (annealed) with inc;‘easing m. The AH,, decrease results from
the increasing of a contribution of _the conformational restoring force of the oxyethylene block in
the crystal, aﬁd a conformational transformation eventually takes place at C¢EsCs from the planar
y form to the planar/helical/planar triblock f ferm. Therefore the AHy, value of 163.1 J g forz
C6EsCs is considered to be a limit maintaining the plana; structure of the oxyethylene chain in
the C4E»Cs compounds. It is noteworthy that this value of 163.1 J g7 is slightly lerger than a
mean value of the enthalpy of melting of about 160 J g™} for the rotator phase of n-alkanes. In -
conclusion, the planar structure of the oxyethylene chain is stabilized by the force of the

magnitude maintaining the rotator phase of rn-alkanes.

3. 4. Other systems involving planar oxyethvlene chain

70



Besides the C,E,,C,r triblock compounds, the all-zrans planar oxyethylene structure has
been found for the following three cases: (1) poly(oxyethylene) specimens sfret_ched about
two-fold after necking [#120], 2) polyro{axane consisting of polyethylene glycol and
a—c&clodextrins [#260], and (3) some of the alkyl/oligo-oxyethylene diblock compouhds
H(CH,),(OCH,CHy,),,OH (abbreviated as C,E,) in the solid state. [#270] [#280] [#290] [#300]

[#310]

The planar oxyethylene structure is stabilized by different causes in the relevant

systems: (1) The planar structure in stretched poly(oxyethylene) is resulted with external
" mechanical forces, (2) the trans conformation of the OCHz——CHzQ bonds in polyethy]éne glycol
included in a cavity of a-cyclodextrin is stabilizgd by a hydrophobic atmosphere and an
appropriate size of the host cavity, and (3) the planar o'xyethylene structure in the dibléck C,,E,,,
compounds is formed as a result of the packing force of ‘;he adjoining alkyl block same as the
triblock C,E,Cys.

* While there are several factors to stabilize the pianar oxyethylene' structure, the case of

the block compounds 18 ﬁm’que, because the planar oXyethy]enc structure is stabilized by the
alkyl block(s) in the molecule itself, without any external forces or other suppoft materials, e.g.

host molecule like cyclodextrin.

3.5. Potential for introduction of oxyethylene segments into alkyl chain for_molecular

assembly

It is interesting to note the case of the block compounds, where the molecular form is
“resulted from the balance between the intermolecular packing force of the alkyl block and the
intramolecular conformational restoring force of the oxyethylene chain. As revealed in this study,

the balance of forces strongly affects thermodynamic properties of the block oligomers.
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Introduction of the oxyethylene segments into the alkyl chain weakens and controls effectii{e
lateral cohesive force of the alkyl chain. The role of the oxyethylene block controlling the
effective cohesive force of the alkyl chain is very important because the cohesive force of the
alkyl chain is one of the most important. factors gqverning the higher-order structure of the
molecular assembly, i.e. micelles, moholayers, LB films, liquid crystals, and liposomes.
Hydrophilicity of the oxyethylene moiety is negligible for 1-3 dxyethylene units in the block
compounds. |

Although similar role is achieved by other methods, i.e. introduction of unsaturated
bonds or side chains into the alkyl chain and mixing of homologs with different chain length,
introduction of the oxyethylene block little affects a first-order molecular strﬁcture. Therefore the
introduction of the oxyethylene block into the alkyl chain will be a useful method to control the

effective cohesive force of the alkyl chain with less structural perturbation compared to the other

methods.

4, Conclusions

The present study on tﬁe triblock C;E",Cs compounds has revealed that the correlation
’between conformational transformaﬁén and thermodynamié behavior of the block compounds
with changing block length. While the all-frans planar form has been found for m < 5, the
planar/helical/planar triblock form has been found for 7 > 5. The melting temperaturé T and the
enthalpy of melting AH,, for all-trans planar form decreases with increasing oxyethylene units .
This is attributeci to décrease of the effective cohesive force of the alkyl chains. The melting
process for the planar /helical/planar triblock form ha;s beeni stepwise and the alkyi and
oxyethylene blocks have been melt independently.

These results suggest that the alkyl and oxyethylene blocks strongly affect conformation

72



and packing of constituent blocks in the molecule with each other. The effects should also be

important in the block copolymers, molecular assembly, and related soft material systems.
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Abstract

Chaiﬁ length dependent conformational transformation and melting -behavior of triblock
compounds d—hexyl-a}hexyloxyoligo(oxyethylene)s, H(CH,)s(OCH,CH,),,O(CH2)H (m = 1-7),
has been studied by differential scahning calorimetry (DSC) and infrared (IR) spectroscopy.
Molecular. conformation of the block compounds in the solid state dramatically changes from a
fully extended all-trans planar form to an planar/helical/planar triblock fonn with incr;asing the
number of oxyethylene units (). The all-trans planar modification hés very low melting point
compared to that for n-alkanes. This has been ascribed to a high Gibbs energy of crystals for the
former. On the other hand, the planar/helical/planar triblock modification melts stepwise with
respective blocks. These results are‘ explained by a balance between an intramolecular
éonfonnational’restoring force of the oxyethylene block that tend to assume the helical étructure

and an intermolecular packing force of the alkyl blocks.

Keywords: crystalline block copolymers, melting behavior, conformational transformation,

73



conformational polymorphism, DSC, IR
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“Table 1 Thermodynamic quantities for the C¢E,Cs (m = 1-6) compounds

Compound  T/K - AHJg' ASAmol'K'  TJK  AHJg'  ASy/Jmol'K’

CeE.Ce 2482 1800 167.1

CeEC 249.5 169.3 186.2

CeEsCe 2575 169.0 209.0

CeECs 2580 1636 2299
CobsCe 263.0 163.1 2521
~ (annealed) ' ) '

CeEsCe | |

2554 342 54.4 260.3 117.7 183.9

~ (unannealed)

CeEsCe 2540 302 536 268.3 124.2 208.6

CeEqCe 2515 283 556 2762 1303

2334




Figure captions

Fig. 1. Skeletal conformational models of the C,E,C,s molecules. The models of a C¢EsCs

molecule are shown as an illustration. (Only the position of the gauche conformation (G) are

indicated; other conformational bonds in the models are in the trans conformation.)
Fig. 2 Melting DSC curves for the C¢EnCs compounds.
Fig. 3‘ IR spectra of the C¢E4Cs, CsEsCe, and CgE¢Cs compounds at 235 K.

Fig. 4 Ty for the C¢E,Cs compounds, and Ty, and Tery—o for n-alkanes. The C¢E,Cs conﬁpounds
are denoted by m in the figure.

Fig. 5 AHy for the CeEnCs comp'ounds, and AHw and AHy for n-alkanes. T he CoE,Ce

compounds are denoted by m in the figure.

Fig. 6 ASy, for the C¢EnCe compounds, and ASa and AS,, for n-alkanes. The C¢E,Ce

compounds are denoted by m in the figure.

Fig. 7 Temperature dependence of the IR spectra and melting DSC curve for CsEsCe.
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