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Phase behaviors of hyperbranched polymer solutions
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Abstract

We developed a new model based on the lattice cluster theory to describe phase behaviors of binary hyperbranched polymer solution
systems. To account for highly oriented interactions between segments, the proposed model requires an additional parkymeteted
to the energy of the oriented interaction. A thermo-optical analysis (TOA) technique was used to determine cloud-points for the given
systems. Hyperbranched polyol/water systems exhibit an upper critical solution temperature (UCST) beHa88rElsevier Science Ltd.
All rights reserved.
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1. Introduction in some aspects. To consider the entropic contribution of the
interaction parametey;, which is of purely enthalpic origin

In recent years, dendritic polymers (dendrimer and hyper- in the model, Koningsveld and Kleintjens [7] derived a
branched polymers) have enjoyed increased attention. Theclosed form expansion for the interaction parameter consid-
backbone architecture induces new and intriguing propertiesering the nearest neighbor site occupancy probability. In a
for the polymers, such as low viscosity, miscibility, high lattice dependent fashion that, however, it is difficult to
reactivity and high solubility in various solvents [1]. interpret in comparison with the experimental data.

Many potential applications for dendritic polymers have  Taking into account the compressibility and change in
been proposed [2]. Most of the ideas focus on the peculi- density upon isothermal mixing, free volume theories for
arities of the dendritic interior and a large number of polymer solutions were developed by numerous investiga-
endgroups for their rationalization. The behavior of dend- tions, notably by Flory [8,9], Patterson and Delmas [10], and
ritic polymers as hosts is essential if they are to be success-Sanchez and Lacombe [11].
fully used as solubilizing agents, nanoscale catalysts [3] and The lattice models are supplemented by an entropic
drug delivery and slow release agents for perfumes, herbi-contribution to interaction energies. Barker and Fock [12]
cides and drugs. Research is also active in applications agleveloped a quasi-chemical method to account for the
diverse as polymer additives, catalyst supports, thin films, specific interaction. ten Brinke and Karasz [13] have devel-
laser-printing toners and magnetic resonance imagingoped an incompressible model of binary mixture with the
(MRI) contrast agents. Despite the wealth of possible appli- specific interaction. Using a quasi-chemical approach to
cations, there are only a few studies on the thermodynamictreat the non-random character of the polymer solution,
properties of solutions containing dendritic polymers. Panayiotou and Vera [23] and Renucio and Prausnitz [24]

The standard lattice model of polymers was solved in the have developed an improved FOVE equation of state model
simple mean field approximation independently by Flory [4] and Panayiotou [25], and Sanchez and Balazs [26] have
and Huggins [5] and the treatment of the former is custo- generalized the lattice fluid model to account for the specific
marily termed Flory—Huggins theory. In addition, much interaction of the compressible model.
work has been performed on improving the mathematical Further, Freed et al. [14-16] reported a complicated
solution of the lattice model including chain connectivity lattice field theory for polymer solutions, which is formally
and non-random mixing [6]. However, the mean field an exact mathematical solution of the Flory—Huggins
approximation has been found to be quantitatively deficient lattice. However, most of these lattice theories fail to

yield a dependence of solution properties on the polymer
* Corresponding author. Tel.# 82-2-290-0529; fax:+ 82-2-296-6280.  architecture. Recently, Freed et al. [17-22] developed a
E-mail addressycbae@email.hanyang.ac.kr (Y.C. Bae) systematic expansion of the partition function of a lattice
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Table 1
Geometric parameters for linear and dendritic polymers

Linear Dendrimer
M n+1 32t -1pn+1
N; n 3291 - 1n
N, n-1 32971 - Hin—1) + 3N,
N3 n-2 3291 - -2+ 6N,
N, 0 32— +1
Ny 1 (h—1)(n-2)/2 AT - DHin-Dn—2/2+329 - DR -1) - 1n%2 - 3N,
Ny, (n—2)(n-23) 32— -2n—=3)+ 3N, (N; -5 + 3291 - [329 1 - 1) —1n(n — 1) — 6N,

polymer using the well-known lattice cluster theory (LCT). curves were determined at the saturated vapor pressure of
This model takes into account the effect of branching on the the solvent.

thermodynamic properties of polymer solutions. Lue and

Prausnitz [28] applied the LCT to obtain solvent activities 2.3. Thermo-optical analysis apparatus

and liquid—liquid equilibria for homogeneous-dendrimer ) ) )
polymers. Thermo-optical analysis (TOA) apparatus consists of a

In this study, we investigated liquid—liquid equilibria of ~heating—cooling stage, a photodiode (Mettler FP82) and a
hyperbranched polymer solutions (Tables 1 and 2). The Microprocessor (Mettler FP90). An IBM PC was used as a
experimental technique used to determine the cloud pointsdata acquisition system. .
of the systems was the thermo-optical analysis (TOA) tech- The hea_tlng stage is designed for o_bservatlon of th_e th_er-
nique. To predict phase behaviors of the systems, we modi-Mal behavior of a sample under the microscope. Luminosity
fied the LCT model to account for strongly interacting " the observation field is measured by a photodiode and

components by employing the concept of the generalized recorded on the PC. In this stage, the sample temperature is
lattice fluid (LF) model [13,26]. controlled by both upper and lower plates, assuming

symmetric heat distribution throughout the sample. In this
way, equilibrium time can be shortened as the sample cell is
only ~0.02 ml. Cloud points of the given systems were

2. Experimental : : .
determined with a scan rate of 2@ min.

2.1. Materials

The hyperbranched polyols, generation 2, 3 and 4 were 3. Theoretical consideration
purchased from Aldrich Chemical Co. (44706-4, 44707-2,
44708-0). All polymer samples were used with no further
purification. Distilled deionized water was used as a solvent.

The weight average molecular weight,{) and polydis-
persity indices are listed in Table 3.

3.1. Lattice cluster theory

Freed et al. [14,15] proposed a lattice cluster theory
(LCT) for homogeneous dendrimers. In this model, they
used a classical lattice scheme as follows: a polymer solu-
tion occupies a lattice with the total number of lattiNg
2.2. Sample preparation each monomer or a solvent molecule occupy one lattice and

each polymer molecule is assumed to occiiphattice sites.

Samp_lgs were prepared in separat.e test tubes and th%’he lattice is incompressible, that is, the lattice is assumed
composition of each sample was precisely measured grav-

) . ) ; to be fully occupied.
|metr'|cally. Each solution was stirred for 5 h or more. The Volume fractions of polymer ) and solvent ) in
solution was then transferred to a Pyrex tube fdlL mm,

solution are
0.d. = 3 mm, length= 50 mm) and the sample tube was
flame-sealed under nitrogen atmosphere. The cloud-point$; = N¢/N;, Q)
Table 2 , = NpM/N|, (2)

The structures of the polymérs

whereN, andN; are the number of polymer molecules and

Hyperbranched Structure . . )
polyol the number of solvent molecules in solution, respectively.
Lattice sites have nearest neighbors, givingpossible
ge”- g {8{532&2&:5;22:28_3224;3\85 directions for the bonds emanating from a given latticg.
en. 3 20— hl2A4A8B16 ; va i ; e i
is the attractive interaction energy. The free energy is given
Gen. 4 [O[CHC(CHHs)(CH.O-:1AAsA 1Bz gy wisg

in a double expansion series witte Hnd B, B8 = 1/KT).
2A = [COC(CH3)(CH20-)2]; B= [COC(CH3)(CH20H)2]. We truncate the series at the fourth order iz ahd the
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Table 3
Experimental cloud-point data for hyperbranched polyol in water
Gen. 2 Gen. 3 Gen. 4
(My = 1.750,M,,/M,, = 1.44) M,, = 3.600,M,/M, = 1.30) M,y = 7.300,M,/M, = 1.18)
p T(K) p T(K) p T(K)
0.050 321.6 0.020 380.1 0.020 406.3
0.050 322.4 0.020 386.5 0.050 436.3
0.053 324.6 0.100 396.7 0.100 430.1
0.060 327.9 0.150 395.4 0.150 4253
0.088 329.4 0.191 394.2 0.200 421.9
0.100 330.2 0.250 3785 0.250 4135
0.151 333.0 0.302 366.5 0.298 312.4
0.229 336.2 0.399 330.1 0.349 331.7
0.249 338.1 0.413 331.3
0.276 341.6 0.344 334.4
0.290 341.4
0.299 3415
0.327 341.6
0.375 341.0
338.4
second order inBe,s The free energy of mixing for the pg®» — —BeN(1), 9)
polymer—solvent system is given by [27].
_ ath int
AA=AATTHAA ®) B? = %(ZN(Z) + N@3) + 3N(L) + N(1,2)
whereAA™ and AA®™ are the contribution of the attractive
irr;tsegzg::\o/;?nd the athermal limit of the entropy of mixing, — N(ON@2M). (10)
BAAT 0yl — o)+ (A2 + BOVgB(L— ) @ _ _ 2P 2
AR GO R V921 = b2) BY = - ZENM@N®D + N1 — INDPM), (A1)
+ ADIL — $)*(L = 2)° + AV — ¢y
4B
@ _ _ 7P¢ 3
X[1— 6o(1 — ¢)(3¢3 — 3¢, + 2] + BY 87 =7 NI 12
+ B?) (1 — ¢)” + BYB3(1L — ) (o7
&
@ 2 2 ) 3 Cc® = -2 N, (13
+ CVho(1 — ) (1 — 2¢5)" + C (1 — ¢bpp) z
+ COP5(1 — ¢)*(1 — 3p) + CVeba(1 — )",
where C® = — (B’ NP, (15)
Av = B2 5
2 @ _ _ (Be)’ 2
C"= _T(N(l’ D — [N(D]"M), (16)
A®@ (BL)ZZ (6)
4 9
AAath
; B = %2 gy - g A~ 6
A® — _ (Be)y'z ) !
12 °

+a%¢y(1 — ¢p) + aP P51 — )

28 ®) +a®¢3(1 — ¢, 17
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where

o_ 1 2, 1. 8 3
a”’ = Z[N(l)] + 22{ AN(DN(2) + 3[N(1)]

— 2N(D)N(3) + [N(2)]? — 2N(1)(N(L, 2)

— N(ON@M) + 2IN(D]* + 2[N(D)J?

X (N(L, 1) = [N(DT'M) — BN(DN(L)}, (18
a¥ = %[ 2 [IN(DT® + 2[N@D)]* + 2IN(DIA(N(L, 1)

- [N<1)12M>], (19
a® = 2N, 20

whereN(a) = N,/M (o = 1,2,3 orL) andN(a8) = N, s/M
(e =1or?2).

The combinatorial numbersy, and N, g, describe the
architecture of polymers. The definitions [17-20] of the
structure parameters are given as folloWksis the number
of segments in each polymer moleculg.is the number of
bonds in each polymer moleculs, is the number of ways
in which three bonds intersedt; is the number of ways in
which three consecutive bonds can be chos$én.s the

number of ways in which three bonds meet at a lattice site

for a polymer chainNy ; is the number of distinct ways of
selecting two non-sequential bonds on the same ciip.
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interact strongly, they must be in proper orientation with
respect to one another; i.e. there is a specific spatial or
geometric constraint on the interaction (specific interac-
tion). Other mutual orientations of the interacting pairs are
energetically less favorable, but many more of them may
exist. Thus, an entropic contribution must be paid to form a
specific interaction. Sanchez et al. [26] have adopted a simi-
lar approach to that of ten Brinke and Karasz [13], who have
developed an incompressible model for a binary mixture
with specific interaction. To account for the entropic contri-
bution by the specific interaction between a monomer—
solvent pair, we employ this approach to the LCT. A
detailed description of this procedure is reported elsewhere
[26].

The polymer—solvent interaction can be weak (non-speci-
fic) with energye, or strong (specific) with energy;, +
de. The new energy parametfp, which accounts for the
specific interaction, is given by

1+q

1+ gexp(—B8e) | @2

f12 = &12 + 68 - kT In[
where 8 = 1/KT, q is the number of ways that the non-
specific 1-2 interaction occurs. In this approach, the purely
energetic parameter has been replaced by the free energy
parametef,. Thus, Eq. (22) is rewritten as follows:

‘9ps: €11 + &0 — 2f12 =g — 26¢

+ 2KT In[ 1+q ]

1+ gexp(—Bde)
(23

is the number of distinct ways of selecting one bond and two wheree = &,, + 11 — 2¢15.

sequential bonds on the same chain.

The chemical potential of the solvery,, can be deter-

In the LCT model, the linear polymers are characterized mined from the Helmholtz free energy,

by a single parameten, the total number of bonds] =n +

1, and the dendritic polymers consist of a central core with Apg =
three arms; the dendrimer structure is characterized by two

parameters, the generation numbgy &nd the separator

length §) that is the number of bonds between branch BAu; = In(L — &) +

points. The combinatorial numbeis, andN,z, are calcu-

lated by counting indices for these types of polymers.
Geometric parameters for linear and dendritic polymers

are listed in Table 1.

3.2. Interaction energy

In the LCT, van der Waals attractive energies,( 11

(24

(1= 37 )6+ 8% - 263

X (1 — 2¢p) — a®$3(2 — 3¢py) + AV ¢

— (A? + B¥)p3(1 — ¢)(1 — 3¢h)

— AP P31 — o)1 — 2,)(1 — 9, + 1093)
— AN P51 — do)(1 — 27, + 13845 — 2943

and ¢1,) are present between nearest-neighbor monomers,
solvent molecules, and polymer—solvent pairs. The attrac-
tive interaction in the system is characterized by parameter

e — BW2¢3(1 — ¢,)(1 — 2¢,) + CP2¢5(1 — ¢y)
X (1= 2¢)(3 — 4dp) + CP3G5(1 — )
— C¥g5(1 — ¢p)*(1 — 10¢, + 15¢3)

+ CY4g31 — )’

+ 30645 — 12643) + (B + B?)243(1 — ¢)

&= & + &11 — 2812. (21)

Sanchez and Balazs [19] have developed the generalized
lattice fluid model to account for strongly interacting

components. The basic idea is that for two components to (25)
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Temperature (K)

op

Fig. 1. Coexistence curves for the hyperbranched polyol géh, 4{ 7.300)/water system. Coexistence curves are calculated from the LCT with the separator
length ). O indicate experimental data.

Similarly, the chemical potential of the polymeXu,, is

AA
Ap, = N + A - )

BAwu, =

JAAN,
by

(26)

Ing,
M

—aP205(1 = )" + 8331 - ¢’

1
(15 )a- e+ % - g

+ AD(L = ¢p)” + (A? + BD) (1 — h)?

X (2 = 3) + AV hp(1 — p)*(1 — 2¢bp)

X (2 — 11, + 103) + A(d) py(1 — ¢by)?

X (2 — 39¢, + 168p3 — 330h5 + 324h5 — 12645)
+(BY + B)(L - 2¢p)(1 — ¢)?

+BY3L — $2)(3 — 4d)

+ CP(L — $)*(1 — 2¢)

X (1~ 8¢, + 8¢3) + CP(L— ¢p)°(1 — 3¢p)

+ C¥y(1 — ¢2)°(1 — 5¢2)(2 — 3¢h2)

+CY(1 - ¢p)'(1 - 4¢y). (27)

For the critical point,

IAp,

Iy

where

IBAW2
2

F Ap,
b

=0, (28

s

1
M

=1- —(1— %) —2a%(1 - ¢,)

+aP (3¢5 — 4, + 1)

+ 3a? (4¢3 — 6¢5 + 2¢h)

+ AV (p, — 1) + (A? + B9)(2 — 144,

+ 243 — 12¢3) + AP (2 — 38, + 1923

— 39643 + 36043 — 120¢3) + (B + B?)
X2(1— ¢)3p, — 2) + BY2(¢p, — 1)

X o(—3 + 12¢, — 10¢3) + CHY2(1 — ¢by)

X (—6 + 39¢p, — 7245 + 40¢3) + C?6

X (2 = 1?2pp — 1) + C¥2p — 1?

X (1 — 17¢, + 55¢3 — 45¢3) + CP4(2 — 5¢,)

X(—1+ ¢)°, (29)
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B
Layer-wise build-up arounda A=<

core molecule with subsequent One-pot reaction

protection—deprotection ste/ \Kithout a core molecule

BBB
B B®, B
\B A 7 B B B B/B
BBL L 0 ° ¥ B B\ ., B B
BB N o & K . 5 B . B % 8
G o o/ e B e g ,Bo/
L] . . . e ] . . ¢ '
B el bt g By o lB
o b : b ‘;& P e . “e” B
s . ! 5 g
N - Yo ‘,. ..r .—,\/ o’ a-n B
B e . . . < .
B/ . . BB A~ B B go B.\. B
BW’. " ;e )_"\ N o < ® . »\BBB
B S el oo B Linearunit”” 4, LB
B o., o N B o /“’B&‘B
AB AL B B Dendritic unit o< BB
BBypB 8 Terminal unit h’B»-..B
B

X 2(3 — 30¢, + 66¢3 — 40¢3) + CY
X 2(4d, — 3)(—15 + 54, — 40¢3) + C?
X12(¢y — D)3y — 2) + CP2(1 - ¢y)

X (—19 + 161, — 355¢35 + 225¢3) + C¥

1
XAL= 20090~ D" = rm. (30)

4. Results and discussion

We first calculated the liquid—liquid coexistence curves

Fig. 2. Schematic descriptions of dendrimers (left) and hyperbranched for hyperbranched polyol/water systems using the LCT with

polymers (right) built from AB2-monomers;®) represents the bond

formed between an A- and a B-group.

—&Zfifz =239 + 4aP (3¢, — 2) + 3a?(12¢5 — 124,
2
+2) + 2AY + (A? + B®)(—14 + 484,
— 36¢)3) + AP (—38 + 384, — 118843

+ 144043 — 600¢3) + AD2(—43 + 744,

— 423045 + 115200p3 — 16560p3 + 12096H5

— 352849 + (BY + B?)2(5 — 6¢,) + B?

no specific interaction correlation. Fig. 1 shows the cloud
point curves of a hyperbranched polyol gen. 4/water system.
This system exhibits a UCST behavior. The lines are
predicted by the LCT. Open circles indicate experimental
data. The calculated coexistence curves show that the
critical point of the given system increases with the
separator lengthnj. As shown in Fig. 2, the structure of a
hyperbranched polymer is very different from that of a
dendrimer. It is very difficult to define the separator length
of the hyperbranched polymer, because it has the linear
segment region in its structure. As shown in Fig. 1, the
critical point varies with different values of the separator
length ). Taking into account the polydispersity of a
separator lengthnj for the hyperbranched polymer, one
can correlate the experimental distribution dataraxith

a proper algebraic expression of a distribution function.

360

Temperature (K)

340 4

320

300 .
0.0 0.1 0.2

0.3 0.4 0.5 0.6

Fig. 3. Coexistence curves for the hyperbranched polyol gé, 4§ 7.300)/water system. The solid line is predicted by the MLCT and the dotted line is

calculated by the LCTO indicate experimental data.
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400

380

360

Temperature (K)

340 4

320

0.0 0.1 0.2 0.3 0.4 0.5
o

Fig. 4. Coexistence curves for the hyperbranched polyol gén, 3¢ 3.600)/water system. The solid line is predicted by the MLCT and the dotted line is
calculated by the LCTO indicate experimental data.

However, it is very difficult to obtain the experimental interaction of strongly interacting components with experi-

distribution curve forn. In this study, we seh as an mental data for the system genMj{= 7.300)/water. Open

adjustable model parameter so that owalues are mean circles indicate experimental data. The MLCT shows better

separator lengths for the given systems. agreement with experimental data than that of the LCT. The
Fig. 3 compares theoretical coexistence curves by the model adjustable parameter values are= 3.5, e/k =

LCT (dotted line) with the modified lattice cluster theory 105.81 K andse/k = 248.37 K.

(MLCT, solid line) that takes into account the specific Fig. 4 presents theoretical coexistence curves and experi-

345

340

330

Temperature(K)

320 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 5. Coexistence curves for the hyperbranched polyol géw, 2 1.750)/water system. The solid line is predicted by the MLCT and the dotted line is
calculated by the LCTO indicate experimental data.
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mental data for the system gen.\¢,(= 3.600)/water. Open  Acknowledgements
circles indicate experimental data. The coexistence curves
are predicted both by the LCT (dotted line) and the MLCT  This article was supported by the Non-directed Research
(solid line). The MLCT also describes the phase behavior of Fund, Korea Research Foundation, 1996.
the system gen. 3/water better than that of the LCT.
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and&e/k = 210.79 K.
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