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ABSTRACT

The AB, type hyperbranched poly (amide-ester) was synthesized by the
condensation polymerization reaction of hexahydrophthalic anhydride and
tri(hydroxymethyl) aminomethane. The conversation of monomer canreach
80%.Reaction conditions (time and temperature) have been investigated
systemically. Thedynamicsof condensation polymerization reaction for the
AB, type hyperbranched poly(amide-ester) was studied as well. Another,
the eguation of the overall polymerization rate can be written as follows:
polycondensation reaction is a third-order and self-catalyst process, the
overall activation energy was calculated tok=—1.12x104, E_=93.07 kJ mol.
The proof of poly-condensation was obtained from FTIR spectroscopy.
And the hyperbranched polymer was charactered by intrinsic viscosity and
TGA analysis. Theresult showed that the hyperbranched polymer have low
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melt viscosity, good dissolubility and good thermostability.
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INTRODUCTION

Dendritic macromol eculescan bedivided intotwo
types®2: dendrimers and hyperbranched polymers.
Dendrimers are well-defined monodi sperse regular
structuresinwhich all branched pointsare utilized®4,
Comparingwith linear polymers, they often exhibit un-
usud and attractive properties, including low melt vis-
cosity, good dissolubility, non-entanglement and alarge
number of activeend groups, but they are madeusing
laboriousiterative synthesig®Y, Sotheir commercial
use has still been very limited. Compared with
dendrimers, hyperbranched polymershave the same
propertiesaswell, becausethey areconsidered asir-
regular analogues of dendrimerg'2%9, At thesametime,
they can be made by one-pot reactions. Therefore, in

recent years, considerabl e effort has been devoted to
synthesize hyperbranched polymer system. Asacon-
sequence, new methods for one-pot reactions to
hyperbranched polymersarebecoming anincreasingly
important themein polymer science. Accordingly, itis
very chdlenging and meaningful to design new mecha-
nismsand monomer systemsthat permit thefacilesyn-
thesisof highly branched polymerg®21,

Inthispaper, we have synthesi zed hyperbranched
polymersin one-pot from the cheap and commercialy
available compound hexahydrophthalic anhydrideand
tri(hydroxymethyl) aminomethane). Thedynamicsequa
tion of poly-condensation for the AB, type
hyperbranched poly(amide-ester) wasa so studied and
theresultsindicatethat this polycondensation reaction
is third-order and self-catalyst process. And the
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hyperbranched polymer was charactered by intrinsic
viscosty and TGA anaysis. Theresult showed that the
hyperbranched polymer havelow melt viscosity, good
dissolubility and good thermostability.

EXPERIMENTAL

Materials

Tri(hydroxymethyl) aminomethane(HendaBa sheng
Chemica Co.BR, 99%), pyriding(Titan Chemicals
Co.,Ltd), hexahydrophthalic anhydride(Guangzhou
Weibo Chemica Co. =99.0%), Theother reagentswere
al anaytica reagent and used without purification.

M easur ements

FTIR spectroscopy: TheFTIR spectraof AB, mono-
mer and hyperbranched poly(amide-ester) arerecorded
onaVECTOR-22 (Bruker, German) by the potassium
bromide pellet method.

TGA: The thermogravimetric analysis(TGA) of
hyperbranched polymer which obtained at
150°C,160°C,170°Ciscarried out by aPyris6 TGA
(From PerkinElmer USA) at aheating rate of 20°C/
minandair_flow rateof 60ml/min.

VPO: Themolecular weight of hyperbranched poly-

mer were obtained by VPO (Knauer, German).

MS: Mass measurement was carried out on VG-
70EHF (American).

Synthesisof AB, monomer

Tri(hydroxymethyl) aminomethane (0.1mol) wasdis-
solved in appropriate amount of pyridine, and there-
sulting solutionwasstirred at 0~5°C for 10 min under
nitrogen. A solution of equimolar hexahydrophthalic
anhydride in acetone was added to this solution
dropwise. The mixturewasreacted at 0~5°C for an-
other 8 hours. The AB, monomer was obtained after
theremova of acetoneand pyridineunder reduced pres-
sure. Monomer acid value: 203.23mg KOH/g (theo-
retic acid value: 203.85mg KOH/q)

Synthesisof hyperbranched poly (amide-ester)

The obtained AB, monomer, dimethylbenzene
were dissolvedin appropriate amount of pyridinein
wolff bottle. Then the polycondensation was carried
out under reduced pressure (30x133.322 Pa) at
150°C, 160°C and 170°C respectively. Products
with different number molecul ar weight were con-
trolled by adjusting the reaction time. The approach
of syntesis of hyperbranched poly(amide-ester)
showsinfigure 1.
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Figurel: Synthesisof hyperbranched poly (amide-ester)
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M easur ation of acid valueand conversion

In aconical beaker, hyperbranched polymer was
dissolved in dehydrated al cohol. The solution contain-
ing phenol phthal ein wastitrated with 0.1mol/L KOH
solution indehydrated a cohol until pink appeared, and
then thedissi pativeamount of KOH wasrecorded. The
same procedure was repeated with dehydrated al co-
hol instead of hyperbranched polymer, carboxyl con-
tent of monomer. Theacid vaue C(mol/g) wasrecorded
respectively. Thentheconversion wasca culated onthe
basis of P, = (1-C/C)) x 100% (P, represented car-
boxyl transformation ratio; C, acid valueof monomer;
C, acidvalueof hybranch).

M easur ation of inher ent viscosity

Inherent viscosity was measured in anhydrousal-
cohol with an Ubbel ohde viscometer. In experimental
process, wefirstly measured the viscosity of different
concentration sol ution of hyperbranched polymer. Then
theviscosity of pure solvent was measured after wash-
ing viscometer with pure solvent for 3~5times, to clear
uptheinfluenceof adsorption layer on capillary wall on
theviscosity.

RESULTSAND DISCUSSION

FTIR and massof AB, monomer

Figure 2 showsthe IR spectra of monomer. The
FTIR spectrogram shows characteristic absorption
bands of carboxyl and hydroxy at 3200cm™(v ). The
stretching bands of C-H stretching isfound at 2980
cm't. And the absorption around 1630cm™* isconsid-
ered to belongto amide. In addition, the bandsaround
1717cm isattributed to thevibration band of C=0O of
carboxyl groups, and the bands around 1066 cm™ is
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Figure2: ThelR spectraof monomer
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attributed to the vibration band of primary a cohoal.

Asshowninfigure 3, quasimolecul ar ion absorp-
tion (m/e=275) isfound and polymer ion absorption
was not found. On the other hand Monomer acid
value and theoretic acid valuewere 203.23mg KOH/
g and 203.85 mg KOH/qg, respectively. According
to above analysis, we conclude that the product is
what we expected.
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Figure 3: Themassspectraof monomer.
FTIR of AB,hyperbranched polymer

InFigure4, thebandsaround 1716cm?, 1630cm
1 1066cm can still be found. Additionally, the O-H
stretching band of hydroxyl around 3401cm* shows
the polymer with alarge hydroxyl groups. And C-O
vibration band around 1313cnm’~1042cm* showsthat
theedterification reaction tekesplace. Figure4 resembles
Figure 2, because characteristic functional groupsdo
not change after polymerization reaction. With poly-
merization processing, thenumber of carboxyl decreases
and that of hydroxyl increases.
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Figure4: TheFTIR of AB,hyperbranched polymer

In Figure 4, the stretching bands of OH around
3401cm™ strengthen clearly, but that of C=Oinamide
around 1630cm'* do not change a mostly. According
to aboveanalsis,, we can concludethat the product is
the hyperbranched polymer we prospect in Figure 1.

Thermogravimetricanalysis

Figure5isthethermogravimetric analysisof the
hyperbranched polymer obtained at 150°C, 160°C,
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170°C respectively, withinthe samereactiontime. In
Figure5(a), therearethreeweight losses: thefirst loss
from 170°Cto 280°C, may be caused by the conden-
sation of prepolymer, therate of weight lossis 11.62%;
the second distinct lossfrom 280°C to 490°C, may be
caused by theabruption of ester linkageand amidelink-
age, therate of weight |0ssis67.67%; thethird rate of
weight lossis17.08% to 600°C, caused by the oxida-
tive decomposition and carbonization of remained
hyperbranched polymer.
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Figure5: (a, 150°C) Thethermogravimetric analysisof the

hyperbranched polymer

InFigure 5(b) and Figure(c), thereisnot obvious
weight lossfrom 170C to 240°C. Thisindicated few
prepolymer remained in polymer after theincreasing
reaction temperature. In Figure 5(b), thefirst distinct
weight [0ssis 78.12%, from 240C t0 490°C; In Figure
5(c), thefirgt distinct weight 10ssis 70.03%, from 280°C
t0490°C. The second rate of weight lossin Figure 5(b)
and Figure 5(c) arerespective 16.87% and 12.68%,
caused by the oxidative decomposition and carboniza-
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Figure5: (b, 160°C) Thethermogravimetricanalysisof the

hyper branched polymer
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Figure5: (c, 170°C) Thether mogravimetric analysisof the

hyper branched polymer

tion of remained hyperbranched polymer. Theanalysis

indicate hyperbranched poly(amide-ester) obtained at

170°C possessthe best thermostability. Itsfirst decom-

posed temperature can reach 280°C

Effect of molecular weight on acid value and in-
trinsicviscosity

Theeffect of the molecular weight on acid value
and intrinsicviscosity isdepicted inTABLE 1. From
TABLE 1, wefind that the inherent viscosity of the
hyperbranched polymer changedistinctly with thenum-
ber mol ecular weight increasing from 2300g/mol to
8500g/mol. However this current flattens out when the
number molecular weight isabove 8500 g/mol. Dueto
the similar torispherical asdendrimer, theincrease of
number molecular weight of hyperbranched polymer
do not affect the hydrodynamicsradiusobvioudly.
TABLE 1: Dataof AB, typehyper branched poly(amide-ester)

with different molecular weights, p conver sion of carboxyl
groups, acid valueand intrinsic viscosity.

Time of S 0 (%) Acid value Intrinsic viscosity
reaction (h) (mg KOH/g) (ml/g)
2 2300 88.21 23.96 215
4 4150 93.66 12.82 3.05
6 6800 96.01 811 4.42
8 8500 97.21 5.67 6.83
10 10800 97.54 4.99 7.61
11 11600 97.67 4.74 8.01
Solubility

The hyperbranched polymer can bedissolvedin
polar CH,OH, C,H.OH, DMF, DMSO, NMP with
all propotion and not dissolved in nonpolar THF, cy-
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clohexane and benzene. Thiscan beexplained by the
easy solvation of molecular chain because of amount
of amido bond and hydroxyl groups.

Kinetic of polycondensation
Equation foundation of kinetic polycondensation

InAB, system, it isinclined to form polymer by
removing micromolecul ar outgrowth and reactionisnon-
reversbleedtification. Followingisthereaction process:

Firstly, carboxylic acid was protonated:

Ky OH

I
R—C—OH + HA R—C—OH + A~

ko +
Secondly, polyester isformed by reaction of the
protonated product and alcohols.

OH OH
ks |
R—C—OH + R~ OH R—C—O—R'
+ Ka | |+
OH H

HT + H20 + R—C—O—R'

in above equation, k,, k, and k; are all greater than
K,.WWhen micromolecul ar outgrowthisremoved by de-
compression, theabovereactionisnonreversibleand
k, can be neglected. When acid is added as catalyst,
therate of etification includetwo sections: oneisauto-
catdysisandtheother isadscititiousacid catalysis. The

kineticequdtionis.

_ dICOOH] _ | mc00H][OH][COOH]
" @

+k ,[COOH][OH][H"]
k™ israte constant of autocatalysis, k_ israte constant
of adscititiousacid catalysis.
If thisreaction isadscititiousacid catalysis, equation
(1) canberewrited as:

- AESOML_ i jcoomHIioHIH"] @
For k. [H][COOH[OH]] >> k” [COOH][OH]
[ COOH] comesinto existence.

If thisreaction is autocatalysis, equation (1) can be
rewrited as:

_ d[COOH]

" =k"[COOH][OH][COOH] 3

—= Pyl] Peper

Now, assumingK_ [H+] =k, [COOH] = C, theorigi-
nated concentration of carboxyl groupsisC, the con-
centration of carboxyl and hydroxyl groupsarerespec-
tiveP_and P, after ttime. [COOH] = C (1-P,), [OH]
= 3C,(1-P). Inthe AB, system, P, = 3P,, —dC =
C.dP.. Theequations (2) and (3) can berespectively
rewrited as:

P ke 1-PE-P) @
dt
T ke, (1~ P (3-P) ®
Integrate equation (4) and (5):
3-P, ) _
In(a—spa]_ 2kC,t (6)
1 1, 1-P, .,
2(1—Pa)+zln3——Pa_kC0t+C (7)

If thereactionisadscititiousacid catalys's, from equa

tion (6), the beeline slope of '—”(3_3; J vst should

be 2kC,, then rate constant k can be obtained by cal-
culation. If thereactionisautocataysis, from equation

1 1 _1-P,
(7). thebedlineslopeof 57 Pa)+z'” 3-p, vstisthe

rate constant k. FromArrheniusequationInk =-E_/
RT + C, thebeelineslopeof Inkvs UTis-E /R E,
can beobtained by calculation.

Data processing

Effect of reaction timeon conver sion and molecu-
lar weight

Fromfigure6, the conversion of carboxyl groupsis
above 80% at the beginning and prolong of reaction
timedo not effect onit, only on molecular weight. The
phenomenasuggest the prepolymer, formed at the be-
ginning, do nat combineto high molecular weight poly-
mer until reaction end. Thiscomplieswith the mecha
nism of polycondensation.

Kinetic polycondensation

Thedataisanaysized on thebasisof equation (6),
(7) resultin Figure 7 and Figure 8 respectively. In Fig-
ure7, thecurveof In[(3P,)/(3-3P,)] vstisnotsimple
the beeline, so the reaction process mismatch the

—r—,  \lBCromolecules

Au Tudian Journal



70

Kinetic study of new AB, type hyperbranched poly(amide-ester)

MMAIJ, 6(2) 2010

Full Poper =

—o—c
098 L 12000
—e—Mn —n
. —_—
/ ./
0964 / I 10000
& L ]
£ poq / L 8000
S i
I / . =
@ =
z 092 7 6000
=] /
o /
050 o . L 4000
/
088 k 2000
T X T T T T
2 4 6 8 10 12

Time
Figure6: Effect of reaction timeon conver son and molecu-
lar weight

4.0+

/—""
4 A
3.5+ . A
A PR }
7 o
3.0+ A (T
- - o —n
e & =
5 e
e = 150C
P e —e— 160°C
§ —A— 170C
0.0 — 77T
0 100 200 300 400 500 600 700
Time(min)

Figrue7: Thecurveof In[(3-P,)/(3-3P,)] vst

40+

s
g9 = 150C I
1 e 160C 4
= A 170C
= 254 A
E.L i ot
- & i
Eﬂ 20 - . L
T o«
¥ 15+ A =
. A
o .
& 104 - P
= - P Y -~
5 P A = -
AT —
1 8
0 = T

Figrue8: Thecurveof 57 "5y +7

Macromolecules

100

T
200

T T T
300 400 500

Time(min)

1 1

T
600

T
700

1-P,

n
3-P, vst

adscititiousacid catd ys smechanism. However, inFig-

1 1, 1-P
+=In 2
ure 8, the curve of 21-p) a"3-p, VS t present

good linear relationship, so the reaction processisau-
tocatalysis mechanism and rate constant can be ob-
tained from theslopeof bedline, datain TABLE 2.

TABLE 2: Reaction temperatureand rateconstant

Temperature(°C) k [(kg/mol)?min™]
150 0.213
160 0.424
170 0.700

Kinetic equation is correct conditionally for
polyestifacation, but itiscorrect in any conditionfor the
HBP system. In polymer processof forminglinear poly-
ester, the change of medium polarity obvioudy effected
on the rate constant. However, the medium polarity
could not changein process of forming HBP for the
strong polarity of HBP. In addition, themacromolecule
isstill easily removed for thelow inherent viscosity of
HBP, so the hypothesis of unreversible reaction and
equal reactivity of functional groupsiscorrectinthe
whole polymer process.

Arrheniusparameter calculation

We analyzed the datain TABLE 2 on the basis of
Arrheniusequation. Thecurveof Inkvs1/Tisshowedin
figure9. Thedopeof thebedinek=-1.12x10* E.=—
Rxk=8.31x1.12x10*=93.07 kJ mol. Thereactionen-
ergy ishigh, sotheprolong of timeinlow temperaturedo
not obvioudly affect themolecular weight of HBP.
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CONCLUSION

Asasatisfactory results, hyperbranched polymers
have been synthesized in one-pot from the cheap and
commercialy availablecompound hexahydrophthaic
anhydrideand tri(hydroxymethyl) aminomethane). The
equation of dynamicsof poly-condensationfor theAB,
type hyperbranched poly(amide-ester) isa so studied
and theresultsindicatethat thispolycondensation re-
actionisathird-order and self-catalyst process. The
reaction energy is93.07 kJ/ mol. The proof of poly-
condensation was obtained from FTIR spectroscopy.
Anther thehyperbranched polymer havelow melt vis-
cosity, good dissolubility and good thermostability
which were confirmed by low intrinsic viscosity and
TGA andyss.
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