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Abstract

Chromatographic separation of copolymers depending on the chemical composition was studied by a solvent gradient method using liquefied
carbon dioxide (C@) as an adsorption promoting solvent. As the high polar stationary phase, non-bonded silica gel, crosslinked acrylamide
(AA) gel and crosslinked acrylonitrile (AN) gel were utilized. All columns showed the typical normal phase type of adsorption. Polymeric
stationary phases showed the higher sample recovery for styrene—methyl methacrylate (St—-MMAs) copolymers, indicating suitability for
quantitative analyses. The separations of butyl methacrylate (BMA)-methyl methacrylate, and 2,2,3,3,4,4,4-heptafluorobutyl methacrylate
(FBMA)—-methy methacrylate copolymers were also carried out, and the latter copolymers were separated basedephitieitg@ith
acrylonitrile column.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction high-performance liquid chromatography (HPLC) including
supercritical fluid chromatography according to the specific
Synthetic polymers usually have intermolecular hetero- degrees of oligomerization.
geneity such as molecular weight distribution, and chemical As for the characterization of chemical composition
composition distribution (CCD) of copolymers. Character- distribution of copolymers, gradient HPLC has been suc-
ization of these heterogeneities is important because thecessfully utilized3]. Teramachi et a[4] originally separated
relationships between heterogeneity and polymer propertiescopolymers by chemical composition with gradient HPLC
must be elucidated in order to produce the high quality of in 1979. Polymer samples are adsorbed on the stationary
materials. Indeed, it is reported that the CCD of copolymers phase strongly if the interaction between the sample and
relates to the mechanical and hydrodynamic properties stationary phase exi§8]. In order to desorb the polymer
[1,2]. To characterize intermolecular heterogeneity, polymer solvent and/or temperature gradient must be conducted
sample must be fractionated based on some specific propin the direction to make the interaction weaker. Chemical
erty. Therefore, chromatographic approaches are especialljcompositional separations are based on the fact that the
promising methods. Indeed, molecular mass distribution strength of interaction was dependent on the copolymer
is commonly analyzed by a gel permeation chromatog- chemical composition, We also separated various types
raphy, and oligomers have been separated by adsorptiorof copolymers by normal and reversed-phases of HPLC
[5-9]. Previous studies indicated the combination of polar
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(reversed-phase conditions) provided the highly resolved 2. Experimental
separation governed by the adsorption mechafigm

Carbon dioxide (C®) is inexpensive, non-flamable, and 2.1. Samples
easily liquefied. Liquefied or supercritical GQGexhibits
non-polar naturd10], and it has been utilized as a mobile Statistical St-MMA, butyl methacrylate (BMA)-MMA,
phase for separation of oligomers based on their molecularand 2,2,3,3,4,4,4-heptafluorobutyl methacrylate (FBMA)—
mass[11-16] Non-viscous nature of COor high diffusion MMA copolymers were synthesized by a radical polymer-
coefficient of the solute affords higher resolution compared ization in bulk under nitrogen atmosphere. The conversion
with conventional HPLC systems. However, molecular mass of a copolymer was kept below 10% to obtain a sample with
of samples investigated using HPLC or SFC has been limiteda narrow chemical composition distribution. The average
below ca. 10,000, since common polymers are generally notchemical composition in each sample was determined by
soluble in CQ. Olesik and co-workerfld 7-19]have reported ~ 'H NMR spectroscopy (JEOk-500 spectrometer, Tokyo
the separation of polymeric samples with enhanced-fluidity Japan). Effective average molecular maskks and My,
liquid mixtures using C@. This fascinating solvent has of obtained copolymers were determined by gel-permeation
the possibility to play a role of non-polar organic solvent chromatography (GPC) using two columns (30xm.6 mm
in normal phase HPLC for the compositional separation of i.d.) packed with styrene—divinylbenzene copolymer beads
copolymers. It is expected that high resolution is achieved (the median pore sizes in a swollen state are 180 arf 50
based on the non-viscous nature of £LQ@7-19] At the respectively)21] and THF (Wako Chemical, Osaka, Japan)
same time, the amount of environmentally harmful organic as an eluent at a flow rate of 0.5 ml/min. GPC was carried
solvent can be reduced. In addition, since the solvent out at an ambient temperature using HPLC pump (JASCO,
properties such as density, solvating power can be tuned880-PU, Tokyo, Japan), Rl detector (JASCO, RI-2031 Plus,
by the change of temperature and/or pressure, variousTokyo Japan). A 1@l portion of the sample (10 mg/ml
types of gradient elution can be used for the composi- each in THF solution) was injected through a Rheodyne
tional separation of copolymers as well as the solvent 7125 injector (Cotati, CA, USA). The calibration curve
gradient. for polystyrene standards (Shodex, Tokyo, Japan) was

We recently reported the compositional separation of used to estimate the molecular ma3able 1 shows the
styrene—methyl methacrylate copolymers (St—-MMAs) with characteristics of copolymers used in this study.
the solvent gradient method using liquefied £@s an
adsorption promoting solvent and non-bonded silica gel as» > HypLc
a stationary phasf0]. This is the first report concerned

with the compositional separation of high molecglar HPLC measurements using €8s a component of an elu-
mass copolymers using GCas a component of mobile  gntwere carried out JASCO Super 201 System (Tokyo, Japan)
phase. Hydrogen bonding played an important role in the gqyipped with a 880-81 type back pressure regulator (JASCO,
adsorption—desorption process. In the case of HPLC utilizing Tokyo, Japan) using 4.6 mmi.g.25 cm stainless-steel col-
solvent gradient method, solubility of a sample in £8 umn packed with non-bonded silica gel (SFC pak SIL-5, pore

not a serious problem when a desorption promoting solvent gjze. 60& JASCO, Tokyo Japan), crosslinked acrylonitrile
has the ability to dissolve the sample andQilay a role of

an adsorption promoting solvent. It was also found that the Table 1
elutlon behavior is practically independent of the molecular . - cteristics of synthesized copolymers
mass in the examined range of 28.0% to 1.6x 10°.

. . Code Mn? (10°)  My2(10°)  My/Mp®  MMA contenp
In this paper, two kind of polar polymer beads were (107 MW7 (A0 Ma/Mn (mol%)
li ionary ph nd their advan w
gp()jp etd das a statg a_t);1 phase ? d It e abd adtzge_l_ aS VAL 12 >4 20 =
indicated compared with conventional non bonded silica g_yya 5 16 33 01 20
gel in the separation of St-MMA. Sato et §h,6] also St-MMA 3 0.95 26 2.7 57
have demonstrated that the polymeric stationary phases arest-MMA 4 0.90 3.1 34 84
superior to those based on unmodified or modified silica BMA-MMA1 3.2 8.0 2.5 10
gels for separating polymers by the conventional adsorption BMA-MMA 2 5.0 9.2 18 34
HPLC, because of the good reproducibility and propor- BMA-MMAS 58 98 17 29
rLL, g P Yy Propor- gya-mmas 37 7.7 2.1 74
tionality between the peak area and sample amount due togma-MMAS5 3.8 7.0 1.8 94
the smaller amount of irreversible adsorption. The same FBMA-MMA1 1.2 3.1 25 28
advantage is expected for the compositional separation withFBMA-MMA 2 0.73 2.2 3.0 44
he one of th mponents of eluents. Th ratiofF BMA-MMA 3 0.96 1.7 1.8 67
CO, as the one of the components of eluents. The separatio L BMAMMA 4 0.73 18 o g7

of other methacrylate copolymers containing fluorinated —
Abbreviations: St—styrene; MMA—methyl methacrylate; BMA—butyl

alkyl Ch_am was carried out. The eﬁeq of @-@hlll_CIty methacrylate; FBMA—2,2,3,3,4,4,4-heptafluorobutyl methacrylate.
of fluorinated component on the elution behavior was a petermined with GPC calibrated by polystyrene standards.

investigated. b Determined byH NMR.
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(AN) or acrylamide (AA) ge[9]. The molecular masses of the
exclusion limitwere % 10%, 5 x 10°, and> 1P, respectively.
Outlet pressure was regulated at 15 or 20 MPa. The column
effluentwas monitored with JASCO UV-970 detector (Tokyo,
Japan) equipped with a high pressure proof cell at the wave-
length of 254 nm or an evaporative light scattering detector
(Alltech ELSD 800, Deerfield, IL, USA) operated at 40
using N as a nebulizer gas (2 atm). The outlet stream from
the back pressure regulator was directly introduced to ELSD.
The column temperature was maintained from 50 teéG 0y

a JASCO C0965 column oven (Tokyo, Japan). The system
consists of two pumps for mobile phase, one is for the deliv-
ery of CQ, and the other for the delivery of CH§EtOH or
THF. The flow rate of CQwas kept at 0.5 ml/min and that of
organic solvent was linearly changed from 0.25 to 2.5 ml/min

(33)

(40)

l (57) 0

@ A

(33)

(40)

(57
(84)
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in 30 min. A 10ul portion of the sample (10 mg/ml each
in CHCI3 solution) was injected through a Rheodyne 7125
injector (Cotati, CA, USA). (b)

3. Results and discussion

3.1. Effect of stationary phase on separation of St-MMA
copolymers

In the chromatography using GQCas the component
of eluents including supercritical fluid chromatography,
non-bonded or modified silica gels have been exclusively
utilized. Here it is demonstrated that polymeric stationary l |
phases are applied for the chemical compositional separation 10 15
of copolymers.

Fig. 1 shows the separation of St-MMA copolymers
using silica (a), AA gel (b) and AN gel (C) In all cases, the Fig. 1 Separation _of poly(_s_tyrerm)-methyl methacrylate)s with s_olvent
sample with higher styrene content eluted earlier, indicating gradlgnt method using (a) S|_I|ca, (b) acrylamlde,_ and (c) acrylonitrile gels as

. . . a stationary phase. Values in the parentheses indicate MMA content of the
a normal phase type elution. Silica column provided the copolymer. Flow rate: CO(0.5 miimin); CHC} (for silica and acrylamide
highest resolution but we observed the lower recovery 3.5vol% of ethanol was contained) (0.25-2.5ml/min in 30 min); column
ratio especially for the sample with higher MMA content. temperature: 60C; back pressure: 20 MPa; detector: UV (254 nm).
Table 2shows the recovery ratio obtained with three type of
gels. To obtain the precise data, the samples were injected .
individually, and three experiments were conducted for the recovery ratio decreased as the MMA content of copoly-

each sample. We assumed that the recovery of polystyrenemers inpreased. This is probably due to t_he irreversible
homopolymer is 100% and only styrene unit shows the adsorption. Both polymeric gels showed higher recovery

absorption at 254 nm. The recovery ratios were calculated ratio. It is found that polymeric AA and AN gels are more

from the peak area and styrene content. In the case of siIica,SUitable for quantitative analyses than silica gel, for example

the determination of CCD. Sato et 4b] also reported
that polymeric packing material was superior to silica gel

Elution time (min)

E?)?Li)zrison of recovery ratio obtained with silica, AA and AN column Concem.e_d with the rgcovery and reprOd".JCibi”ty for the
MMA content (mol%) Recovery ratio (%) cqmposmonal separatlon of styrene—butadiene copolymers
utilizing a conventional normal phase type HPLC. In
Silica AA AN chromatogram (a) an additional small peak was observed at
33 93 86 86 around 9 min. This peak always appeared in the case of the
40 85 89 92 sample injection. The intensity and elution time was almost
2‘71 23 gi gg independent of the type of the sample injected. This unknown

— _ — peak was never observed in HPLC with both polymeric gels.
Abbreviations: AA—acrylamide column; AN—acrylonitrile column; - .
MMA—methyl methacrylate. _ Flg._ _Zshows the temperature dependencies of sample elu-
a It is assumed that the recovery of polystyrene is 100% and only the tion (silica (a), AA and AN (b)). The chloroform contents at
styrene unit shows the absorption at 254 nm. the sample elution were plotted against the styrene content
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Fig. 2. Temperature effect on chloroform content of the eluent. (a) For silica column, and (b) acrylamide (solid line) and acrylonitrile (dottdrimes,
column temperature: 5@ (diamond), 60C (square), 70C (circle). The other chromatographic conditions are the same as thBge ih

of the sample. In all cases, the higher the column tempera- Fig. 3 shows the chromatograms for FBMA-MMA (a)
ture, the stronger the adsorption., i.e., the sample elution wasBMA-MMA (b) using AA column. In both cases, the sample
retarded as the temperature increased. In the case of silicavith lower MMA content eluted earlier still indicating the
(Fig. 2a), the strongest dependence was observed. Mori andnormal phase type of separation. For BMA-MMAs, accept-
co-workers reported the similar temperature dependence toable separation was observed. On the other hand, significant
ours in the separation of St—-MMA copolymers by a chemical peak broadening was observed for FBMA-MMA. The peak
composition in normal phase conditid22]. In their system, width increased, as the FBMA content increased. There
adsorption of samples to the stationary phase (silica gel) wasare two possibilities to explain the peak broadening. One
mainly due to the hydrogen bonding, and a small amount is due to the CCDs of samples. Since the elution times are
of EtOH was used as a desorption promoting solvent. In the similar between the samples, CCD is not the main factor for
chromatographic conditions where the component of eluent peak broadening. Another possibility is due to the molecular
(EtOH) strongly interacts with the stationary phase, not only mass distribution. As previously reported, molecular mass
the changes of enthalpy and entropy of the solute involved in effect is negligible for the samples having more than 20*

the adsorption or desorption process but those of EtOH shouldfor St—-MMA copolymers. Recently Brun and Aldg@a3]

be taken into consideration. It can be assumed that when theeported the gradient separation of polymers at critical
polymeric sample desorbs, solvent molecules (such as EtOH)

adsorb at the sites. Solvent molecules in the mobile phase

have more freedom compared with polymer molecules in the &) [\

mobile phase. This consideration suggests that the polymer

desorption process (together with the adsorption of solvents) aay 2, aw

is at least entropically unfavored. Compared with silica, AA @7

gels shows weaker dependence. It is probably due to the "~
fact that the hydrogen bonding interaction between gels and

ethanol is not so strong as that in silica gel system. AN gel is

considered to have poorer hydrogen bonding ability, and in ¢ _—~_
fact, no EtOH (strongly interacts with high polar stationary

phase) was added to the desorption promoting solvent, which s,

explains the weakest temperature dependence.

| |
10 15 10 15
3.2. Separation of methacrylate copolymers @ (b)

Elution time (min)

Judging from the results for St-MMA copolymers, the Fig. 3. Separation of poly(2,2,3,3,4,4,4-heptafluorobutyl methacrylate-co-
sample with higher MMA content tends to adsorb irreversibly methyl methacrylate)s (a) and poly(butyl methacrylate-co-methyl methacry-
onsilica ge|_ Therefore, polymeric Stationary phases are moreIate)s (b) with sqlvent gradient methqd gsing acrylamide gel as a stationary
favorable for the analyses of methacrylate type copolymers phase. Values in the parentheses indicate MMA content of the copoly-

X " mer. Flow rate: C@ (0.5 ml/min); CHC} containing 3.5vol% of ethanol
BMA-MMAs and FBMA-MMAs, and all the following (0.25-2.5 ml/min in 30 min); column temperature: °€%) back pressure:

experiments were carried out using AA and AN columns.  15MPa; detector: ELSD (4@, 2 atm).
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point of adsorption. Novel paramete®, is introduced 90 T T T
in their theory, which is proportional to the mean square
radius and therefore increases with molecular mass. It was
demonstrated theoretically and experimentally that whenthe 4, i
polymer homologous series is subjected to gradient elution,
lower molecular mass fractions can be effectively separated
according to the size < 1), whereas the macromolecules
with higher molecular masse® & 1) will have practically

the same retention. It can be said that our experimental
conditions for St—MMA are sufficient for such a situation,
but not for FBMA-MMA. Moreover, peak area decreased as
the FBMA content increased. For the quantitative discussion,
the calibration of ELSD should be conducted.

It is well-known that the polymers of fluorinated alkyl
methacrylates or acrylates are “@@hilic”, and soluble in
supercritical CQ [24,25] However, the retention time of
BMA-MMA sample was similar to that of FBMA-MMA
with the corresponding MMA content, indicating that €0 40 L L | L
philicity does not play an important role in this system. It 0 20 40 60 80 100
is considered that the strong interaction between the sam- MMA content (mol%)
ples and high polar AA gels hinders the difference of the Fig. 5. Chloroform content of the eluent at peak maximum utilizing
CO»-philicity. It is probably possible that above-mentioned co,(open symbols) and hexane (filled symbols) as an adsorption promot-
molecular mass effect comes from g@hilicity of FBMA ing solvent for poly(butyl methacrylate-co-methyl methacrylate) (square)
unit. and poly(2,2,3,3,4,4,4-heptafluorobutyl methacrylate-co-methyl methacry-

; _ late) (circle). Experimental conditions in utilizing GOflow rate: CQ
Fig. 4 shows the chromatograms for FEMA-MMA (a) (0.5ml/min); CHC}§ (0.25-2.5ml/min in 30min); column temperature:

BMA-MMA (b) USing AN column. For both copolymers, the 60°C; back pressure: 15 MPa, in utilizing hexane: flow rate: hexane/gHCI
elution of sample with higher MMA content was retarded. 0.45/0.05- 0/0.5 mi/min in 25 min; column temperature: 3D, and in both
Compared with AA column, the peak width increased for case ELSD (40C, 2 atm) was used as a detector.

BMA-MMA, but decreased for FBMA-MMA. As the results

of peak sharpening and higher selectivity between samples, itBMA-MMA copolymers with the corresponding MMA con-
was possible to separate four copolymers as shov#igind tent, indicating the C@philic nature of fluorinated alkyl

(a). FBMA-MMA copolymers eluted earlier compared with moiety.
Fig. 5 shows the comparison of GQuith hexane in the

case of AN column. Chloroform contents at the sample elu-
tion was plotted against the MMA content of the sample.
9 Open symbols represent the results with utilizing,GG an
adsorption promoting solvent, and filled symbols with uti-
lizing hexane. In the case of hexane, more chloroform was
necessary to elute the sample and no selectivity was observed
between BMA-MMA and FBMA-MMA. On the other hand,
(b) in the case of C@Q FBMA-MMA eluted earlier, and higher
selectivity was observed. This is probably due to the specific
©D g7 interaction between fluorinated group and £@ is con-
(44) sidered that this selectivity is attributed to the difference of
CO2-philicity among copolymers and moderate strength of
@ the interaction between the samples and AN gels.

—~

%

60 |- -

Chloroform content (vol

(10) (59)

@ | | | .
10 15 20 4. Conclusions

Elution time (min)

Separations of copolymers (St-MMA, BMA-MMA,
Fig. 4. Separation of poly(2,2,3,3,4,4,4-heptafluorobutyl methacrylate-co- FBMA-MMA) based on the chemical composition were suc-
methyl methacrylate)s (a) and poly(butyl methacrylate-co-methyl methacry- cessfully conducted by solvent gradient method uti|iZil’lggCO
late)s (b) with solvent gradient method using acrylonitrile gel as a stationary . .
as the one of the components of mobile phase (adsorption

phase. Values in the parentheses indicate MMA content of the copolymer. . :
Flow rate: CQ (0.5 ml/min); CHCh (0.25—2.5 ml/min in 30min); column  Promoting solvent). For all cases normal phase type of elution

temperature: 60C; back pressure: 15 MPa, detector: ELSD{@02 atm). was observed. For the quantitative analyses of methacrylate
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containing polymers, polymeric stationary phases, i.e., AN [8] K. Ogino, S. Maruo, H. Sato, J. Lig. Chromatogr. 17 (1994)

and AA gel were more suitable than silica gel. At the higher

3025.

temperature, the stronger adsorption was observed, and silical®! E- Kawai, H.-S. Shin, K. Ogino, H. Sato, Int. J. Polym. Anal. Char-

showed strongest temperature dependence. The mixture o{

FBMA-MMAs was separated only utilizing AN-CHEI
system with the specific interaction between fluorinated
group and C@. The separation is based on the difference of
COy-philicity among copolymers and moderate strength of
the interaction between the samples and AN gels.

References

[1] A. Arsac, A. Zerroukhi, A. Ainser, C. Carrot, J. Appl. Polym. Sci.
77 (2000) 1316.

[2] R. Benavente, J.M. Perena, A. Bello, E. Perez, C. Aguilar, M.C.
Martinez, J. Mater. Sci. 25 (1990) 4162.

[3] G. Glockner, Gradient HPLC of Copolymers and Chromatographic
Cross-Fractionation, Springer, Berlin, 1991.

[4] S. Teramachi, A. Hasegawa, Y. Shima, M. Akatsuka, M. Nakajima,
Macromolecules 12 (1979) 992.

[5] H. Sato, H. Takeuchi, Y. Tanaka, Macromol. Chem. Rapid Commun.
5 (1984) 714.

[6] H. Sato, H. Takeuchi, Y. Tanaka, Macromolecules 19 (1986) 2613.

[7] H. Sato, K. Ogino, S. Maruo, M. Sasaki, J. Polym. Sci., Part B:
Polym. Phys. 29 (1991) 1073.

act. 6 (2001) 493.

T.L. Chester, J.D. Pinkson, Anal. Chem. 74 (2002) 2801.

F.P. Schmitz, E. Kirsper, J. Supercrit. Fluids 3 (1990) 29.

N. Wu, R. Yee, M.L. Lee, Chromatographia 53 (2001) 197.

K. Hatada, K. Ute, N. Miyatake, Prog. Polym. Sci. 19 (1994)

1067.

[14] K. Shimoda, K. Sato, M.A. Lusenkova, S. Kinugasa, K. Kuo, Y.
Yamauchi, Kobunshi Ronbunshu 58 (2001) 541.

[15] A.V. Gorshkov, H. Much, H. Becker, H. Pasch, J. Chromatogr. 523
(1990) 91.

[16] H. Pasch, C. Brinkmann, H. Much, U. Just, J. Chromatogr. 623
(1992) 315.

[17] H. Yun, S.V. Olesik, E.H. Marti, Anal. Chem. 70 (1998) 3298.

[18] I. Souvignet, S.V. Olesik, Anal. Chem. 69 (1997) 66.

[19] H. Yuan, S.V. Olesik, J. Chromatogr. A 785 (1997) 35.

[20] E. Kawali, K. Shimoyama, K. Ogino, H. Sato, J. Chromatogr. A 991
(2003) 197.

[21] K. Ogino, H. Sato, K. Tsuchiya, H. Suzuki, S. Moriguchi, J. Chro-
matogr. A 699 (1995) 59.

[22] S. Mori, Y. Uno, J. Appl. Polym. Sci. 34 (1987) 2689.

[23] Y. Brun, A. Alden, J. Chromatogr. A 966 (2002) 25.

[24] Z. Guan, J.R. Combes, Y.Z. Menceloglu, J.M. DeSimone, Macro-
molecules 26 (1993) 2663.

[25] N. Sundararajan, S. Yang, K. Ogino, S. Valiyaveettil, J. Wang, X.

Zhou, C.K. Ober, S.K. Obendorf, R.D. Allen, Chem. Mater. 12

(2000) 41.

10
[11
[12
[13



	Separation of copolymers using high-performance liquid chromatography with polymeric stationary phase and liquefied carbon dioxide as adsorption promoting solvent
	Introduction
	Experimental
	Samples
	HPLC

	Results and discussion
	Effect of stationary phase on separation of St-MMA copolymers
	Separation of methacrylate copolymers

	Conclusions
	References


