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ABSTRACT: We repor t the modula t ion of the solu t ion rheology of a comblike, hydrobhobica lly modified
a lka li-soluble emulsion (HASE) associa t ive polymer through addit ion of R- and !-cyclodext r ins (CDs).
The r ing-shaped CDs with hydrophobic inner cores in teract with the pendant macromonomer segments
of the associa t ive polymer conta in ing hydrophobic end groups, leading to reduct ion in polymer solu t ion
viscosity and dynamic moduli by severa l orders of magnitude. We find no in teract ions between the CDs
and the polymer backbone as substan t ia ted by the fact tha t an ana logous paren t polymer without
hydrophobes revea ls no changes in the solu t ion rheology in the presence of CDs. In cont rast , the CDs
encapsula te the hydrophobic groups on the associa t ive polymer . This is confirmed by the complexa t ion
between the CD and a surfactant modified to resemble the hydrophobic macromonomer of the associa t ive
polymer as observed using 1H NMR, differen t ia l scanning ca lor imet ry (DSC), and thermal gravimet r ic
ana lysis (TGA). The stoich iomet r ic ra t io of complexa t ion between the CD and the hydrophobic
macromonomer is determined independent ly from both NMR and yield da ta to be 5 mol of CD/mol of
hydrophobe. In terest ingly, the reduct ion in polymer viscoelast icity in the presence of CD is reversibly
recovered upon subsequent addit ion of differen t nonionic sur factan ts tha t have a higher propensity to
complex with the CD than the hydrophobic segments of the HASE polymer .

1. In troduction
Associat ive polymers are macromolecules with at t rac-

t ive groups either a t tached to the ends or randomly
dist r ibuted along the backbone.1 Hydrophobically modi-
fied a lka li soluble emulsion (HASE) polymers are one
class of water -soluble associa t ive polymers tha t have a
comblike st ructure with pendant hydrophobic groups
randomly dist r ibu ted a long a polyelect rolyte backbone.
HASE polymers have severa l advantages over other
associa t ive polymers in terms of cost and wide formula-
t ion la t itude.2 Consequent ly, they are cur ren t ly being
used in a range of applicat ions, including paint formula-
t ions, paper coa t ings, and recent ly as glycol-based
a ircra ft an t iicing flu ids3-5 and a lso have poten t ia l for
use in enhanced oil recovery and personal care products.
These polymers are usua lly added to either modify the
rheology of aqueous solu t ions or increase the stability
of dispersions. Because of their h igh th ickening ability,
a few percent of HASE polymers can increase the
solu t ion viscosity by severa l orders of magnitude. This
th ickening ability is predominant ly the resu lt of the
molecula r hydrophobic associa t ions tha t occur to mini-
mize contact between the aqueous medium and the
hydrophobic segments of the polymer; the hydrodynamic
volume expansion upon neut ra liza t ion of the carboxylic
groups on the polymer backbone also plays a minor role
in th is regard.
Despite the impor tance of hydrophobic in teract ions

to promote viscosity enhancement in th is polymer
system, there is also a need to remove these interact ions
in many instances. For example, the high solu t ion
viscosity of a concent ra ted solu t ion is a lways associa ted

with difficu lty in handling dur ing solu t ion prepara t ion
and pr ior to end use. The hydrophobic in teract ions a lso
make extract ing information from characterizat ion tech-
n iques, such as ligh t sca t ter ing and gel permeat ion
chromatography (GPC), cumbersome and less accura te.
The removal of the hydrophobic in teract ions would
simplify the informat ion ga ined from these techniques
and assist in understanding the behavior of these
polymers. In addit ion , the proper t ies of the hydropho-
bically modified polymers are usually compared to those
of the unmodified parent polymer without hydrophobes
to ga in understanding about their microst ructures and
associa t ing abilit ies. However , such an assessment may
not be rea list ic because modified and unmodified poly-
mers may differ by more than just the hydrophobic
modifica t ion.6 The ability to compare modified polymers
with both act ive and deact iva ted hydrophobes provides
a plausible basis for understanding their behavior .
In th is study, we examine a powerfu l method to

cont rol the solu t ion rheology of HASE polymers by
means of removing the hydrophobic in teract ions using
cyclodext r ins to form inclusion compounds6 with the
macromonomer par t of the HASE polymer . Cyclodex-
t r ins (CDs) are r ing-shaped oligosacchar ides consist ing
of 6, 7, or 8 glucose unit s (cor responding to R-, !-, and
γ-CD) joined by R-1,4-glycosidic linkages. They have a
hydrophobic inner core and a hydrophilic outer shell,
thus making it possible for the hydrophobic segments
of the polymer to reside inside them and form a complex
refer red to as an inclusion compound. Such a not ion is
suppor ted from previous studies which reveal cyclodex-
t r ins to have super ior tendencies to in teract with the
hydrophobic segments of different hydrophobically modi-
fied water -soluble associa t ive polymers, including hy-
drophobically end-capped poly(ethylene oxide),7-12 poly-
(ethylene glycol)s (PEGs) bear ing hydrophobic ends
(naphthyl and phenyladamantyl),13 N ,N -dimethylacryl-
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amide-hydroxyethyl methacryla te copolymer hydro-
phobically modified with adamantyl groups,14-16 hydro-
phobica lly modified ethyl(hydroxyethyl) cellu lose,6 hy-
drophobica lly modified, degradable, poly(malic acid),17
isobutene malea te polymer with pendant hydrophobic
4-tert-bu tylan ilide,18 hydrophobica lly modified ethoxy-
la ted urethanes,19 hydrophobica lly modified a lka li-
soluble emulsion polymers,20,21 and hydrophobica lly
modified Dext ran .22 Cyclodext r ins have a lso been re-
por ted to form inclusion compounds with many nonionic
sur factan ts.23-39
In th is work, we focus on invest iga t ing the effect s of

R- and !-cyclodext r in addit ion on the rheology of HASE
polymer solu t ions, understanding the mechanism of
cyclodext r in polymer complexa t ion and eva lua t ing the
reversibility of these in teract ions. As such , we examine
in it ia lly the exten t of rheology changes upon CD addi-
t ion and the existence, if any, of quant ita t ive rela t ion-
sh ip between the molar ra t io of CDs to the polymer
hydrophobes on solu t ion rheology. To isola te whether
the observed changes are due to in teract ions of the CD
with the macromonomer conta in ing the hydrophobes or
with the polymer backbone, we take a two-prong ap-
proach . The in teract ion between the CDs and the
polymer backbone is studied using the unmodified
parent polymer without hydropobes. On the other hand,
a commercia lly ava ilable sur factan t , RhodaSur f, was
modified to resemble the macromonomer par t and used
to simula te the in teract ion between the macromonomer
par t of the HASE polymer with the CDs. A range of
techniques including NMR, DSC, and TGA are used to
study the complexa t ion and format ion of an inclusion
compound between the CDs and the hydrophobic mac-
romonomer Finally, the reversibility of the CD-polymer
complexat ion and ability to recover the or iginal solut ion
rheology is invest iga ted through addit ion of nonionic
sur factan ts. A higher affin ity of the CD to form an
inclusion compound with the sur factan t would lead to
the release of the polymer from the CD and a concomi-
tan t reversa l of rheology.

2. Experimental Section
2.1. Materia ls . The model associa t ive polymer used in th is

study is a hydrophobica lly modified a lka li-soluble (HASE)
polymer synthesized by UCAR Emulsion Systems (Dow Chemi-
ca l) via emulsion polymer iza t ion of methacrylic acid (MAA),
ethyl acryla te (EA), and a hydrophobic macromonomer (Figure
1). This macromonomer is end-capped with C22H45 a lkyl
hydrophobes tha t is separa ted from the backbone by 40

ethylene oxide (EO) unit s. Deta ils of the prepara t ion method
can be found in a previous publica t ion .40 In addit ion to the
hydrophobically modified polymer, an unmodified polymer that
has the same st ructure as the modified polymer with the
C22H45 hydrophobes replaced by an equiva len t amount of
methyl groups was a lso used. Both the modified and the
unmodified polymers were prepared in an ident ica l manner
and are believed to have the same molecula r weight . The
polymer la texes were dia lyzed aga inst deionized water using
a cellu losic tubula r membrane for a t least 3 weeks with da ily
change of water . After dia lysis, the polymer was freeze-dr ied,
and 5% solu t ions were prepared and neut ra lized to pH of 9 (
0.1 using 1 N NaOH with the ionic st rength adjusted to 0.1 M
KCl.
C22EO40 sur factan t under the commercia l name of Rhoda-

Surf was provided by Dow Chemica l Co. The sur factan t was
modified to resemble the macromonomer par t (MW 2287 Da)
of the HASE polymer through react ion with R,R-dimethyl
meta-isopropenyl benzyl isocyana te (TMI (meta), Amer ican
Cyanamid) as shown in Scheme 1. The nonionic sur factan t ,
nonylophenol poly(ethylene glycol) ether with degree of ethox-
yla t ion of 4 (NP4), was provided by Dow Chemica l Co.
Indust r ia l grade R- and !-cyclodext r ins were supplied by
Ceresta r and used as received.
2.2. Methods. The steady and dynamic rheological behavior

of the polymer solu t ions were measured using a st ress-
cont rolled rheometer (Rheometr ics DSR II) fit t ed with ap-
propr ia te cone and pla te, para llel pla tes, and couet te geom-
et r ies. Deta ils on the rheologica l techniques are provided in
previous publica t ions.41-44

1H NMR data were obta ined using a 500 MHz Bruker DRX
NMR spect rometer . All spect ra were acquired a t 298 K using
tet ramethylsilane (TMS) as internal standard, and all samples
were prepared in DMSO-d6. The inst rumenta l parameters for
acquisit ion of the one-dimensiona l proton spect ra were as
follows: tun ing frequency 500.128 MHz, spect ra l width 13.2
ppm, number of da ta poin ts 32K, relaxa t ion and acquisit ion
t imes 1.0 and 2.47 s, respect ively, pu lse width 10.5 µm, t ip
angle 90°, and number of t ransien ts 16.
Differen t ia l scanning ca lor imet ry (DSC) was car r ied out on

3-8 mg samples with a Perkin-Elmer DSC-7 thermal analyzer
equipped with a cooler system. A hea t ing ra te of 10 °C/min
was employed, and an indium standard was used for ca libra -
t ion . Before each scan , samples were annea led a t 200 °C for 3
min to erase thermal h istory, followed by a flash quenching
to-100 °C at 500 °C/min. Thermal gravimetr ic analysis (TGA)
measurements were car r ied out on a Perkin-Elmer Pyr is 1
thermogravimet r ic ana lyzer . Approximately 20 mg samples
were hea ted from 25 to 600 °C, and the weight loss was
recorded as a funct ion of sample tempera ture.

3. Resu lts and Discuss ion
3.1. Effe ct of CDs on Solu tion Rheology . The

effects of both R- and !-CD on the steady shear viscosi-
t ies of a 3% HASE solu t ion are shown in par t s a and b
of Figure 2, respect ively. With the addit ion of CDs, the
steady shear viscosit ies of the polymer solu t ions de-
crease dramat ica lly. Moreover , a t about 15 mol of CD
per hydrophobe, it seems tha t there is no fur ther
reduct ion in the solu t ion viscosity for both R- and !-CD;
however , the fina l viscosity obta ined using R-CD is
about 1 decade lower tha t tha t obta ined using !-CD.
Similar findings are obta ined from dynamic rheologi-

ca l measurements. F igure 3a ,b demonst ra tes the effect
of R- and !-CD on the frequency spect rum of the elast ic
(G′) and viscous (G′′) moduli of 3% HASE polymer
solut ions. The addit ion of either R- or !-CD reduces both
the elast ic and viscous moduli and increases their
dependence on frequency. The decrease in the elast ic
modulus reflect s a reduct ion in the number of act ive
junct ions between HASE polymer cha ins due to the
deact iva t ion of the hydrophobic groups; t ransien t net -

Figure 1. Schemat ic represen ta t ion of a HASE associa t ive
polymer and the molecula r const itu t ion of the HASE polymer
used in th is study. R refers to the C22H45 hydrophobe, p ) 40,
and x/y/z ) 43.57/56.21/0.22 by mole.
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work theory predicts that the elast ic modulus is direct ly
propor t iona l to the number of act ive junct ions.45 The
higher dependence on the frequency is a sign of weaker
network st ructures due to the reduct ion of the number
of act ive hydrophobes. The addit ion of CD above tha t
of 15 mol of CD per mole of hydrophobe has no effect
on either the level of the moduli or their dependence
on frequency. Moreover , the maximum reduct ion in the
moduli, vis-à -vis the fina l moduli va lues, is about 2
decades lower with R-CD than those obta ined with
!-CD. These results are consistent with the steady shear
findings.
The decrease in solu t ion viscoelast icity upon addit ion

of CD suggests tha t the CD interacts with either the
polymer backbone, the hydrophobic macromonomer , or
both . To determine whether any in teract ions occur
between the CDs and the polymer backbone, an un-
modified polymer with simila r st ructure and molecula r
weight to tha t of the HASE polymer was used. The
unmodified polymer was synthesized in the same man-
ner as the HASE polymer, but with the C22 hydrophobes
replaced with an equiva len t amount of CH3 groups.
Par t s a and b of Figure 4 illust ra te the effects of adding

varying amounts of !-CD to a 1% unmodified polymer
solu t ion on both the steady shear viscosity and the
dynamic moduli, respect ively. We find that the addit ion
of !-CD, regardless of the amount added, has no effect
on the steady shear viscosity of the unmodified polymer
solu t ion or on the frequency spect rum of the dynamic
moduli. This suggests tha t there are no in teract ions
between the !-CD and the polymer backbone, and any
effect of CDs on the rheology of the HASE solu t ion
occurs pr imar ily from the in teract ion between the CDs
and the hydrophobic segments of the HASE polymer .
3.2. Macromonomer-Cyclodextrin Complexation.

An extensive ar ray of exper iments were under taken to
decipher the in teract ions between R- or !-CD with the
macromonomer par t of the polymer , the st ructure of
which resembles tha t of a nonionic sur factan t with the
C22 a lkyl group as the hydrophobic segment and the 40
EO unit s as the hydrophilic segment of the sur factan t .
As a fir st step, a macromonomer-CD inclusion com-
pound (IC) was formed by mixing a 1% aqueous solut ion
of macromonomer with a 1% aqueous solu t ion of R- or
!-CD. Differen t propor t ions of the solu t ions were used
to yield different CD/macromonomer molar ra t ios (0.5-
50). Upon addit ion of R-CD to the macromonomer

Scheme 1

Figure 2. Effects of addit ion of (a ) R-cyclodext r in and (b)
!-cyclodext r in on the steady shear viscosity of 3% HASE
associat ive polymer solut ion. Numbers correspond to the moles
of cyclodext r in per moles of hydrophobe.

Figure 3. Effects of addit ion of (a ) R-CD and (b) !-CD on the
dynamic elast ic (G′) and viscous (G′′) moduli of a 3% HASE
associat ive polymer solut ion. Numbers correspond to the moles
of cyclodext r in per mole of hydrophobe.
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solu t ion , a cloudy solu t ion was formed immedia tely. In
contrast , it took several hours after the addit ion of !-CD
for the solu t ion to become cloudy. The cloudiness of the
solu t ion is a sign of complexa t ion between the CD and
the hydrophobic macromolecule. Three days after mix-
ing the two components, the complexes were isola ted
by cent r ifuga t ion , filt ra t ion , washing with water , re-
cen t r ifuga t ion , refilt ra t ion , and freeze-drying.
F igure 5 shows the IC yield as a funct ion of the CD

to macromonomer molar ra t io for R-CD and !-CD. The
IC yield was ca lcu la ted as the weight of the dr ied IC

divided by the tota l weight of the sur factan t and the
CD. As seen from this Figure, the IC yield increases
with increasing CD to macromonomer molar ra t io,
reaching a maximum at a ra t io of about 5 mol of CD to
1 mol of macromonomer before star t ing to decrease. This
behavior is suggest ive of the complexat ion process being
stoich iomet r ic. F igure 5 a lso revea ls tha t R-CD gives a
higher yield compared to !-CD. The difference in the
yield between R and !-CD can be a t t r ibu ted to the
difference in the annular size of the two. R-CD has a
r ing size of about 5.7 Å in which the hydrophobic
segments of the macromonomer would have a snug fit .
On the other hand, the annular size of !-CD is la rger
(∼7.8 Å),46 giving the macromonomer sufficien t room to
move in and out . In fact , it has been repor ted by others,
as well, tha t while R-CD was able to form inclusion
compounds with poly(ethylene glycol) and oligoethylene,
!-CD was not .47
A larger maximum yield va lue of the R-CD-mac-

romonomer complex (∼65%) compared to the !-CD-
macromonomer complex (∼54%) is consisten t with the
rheology da ta in Figures 2 and 3, which indica te tha t
R-CD is more effect ive in deact iva t ing the hydrophobic
groups and reducing viscosity and modulus. However ,
the ra t io of CD to hydrophobes where the maximum
viscosity/modulus reduct ion occurs, 15 to 1, is differen t
than the stoich iomet r ic ra t io, 5 to 1, where the maxi-
mum yield is obta ined. This can nonetheless be easily
expla ined if the yield is ca lcu la ted on the basis of the
macromonomer weight ra ther than weight of both the
macromonomer and the cyclodext r in . If we do th is, the
yield increases continuously rather than passing through
a maximum.
To in terpret the CD/hydrophobe ra t io a t which the

maximum reduct ion in viscosity/moduli occurs, we can
ca lcu la te the percentage of act ive hydrophobes (hydro-
phobes tha t a re not complexed with CD) as a funct ion
of the molar ra t io of added CD/hydrophobes. This can
be done following the scheme

Using the in it ia l molar ra t io of CD/macromonomer
(m ), the fract ion of hydrophobes complexed (n ), and the
yield of their complex (y), the percentage of act ive
hydrophobes can be ca lcu la ted as follows by assuming
a 5/1 stoich iomet r ic complexa t ion ra t io:

where MCD is the molecular weight of the CD and Mmacro
is the macromonomer molecular weight . The percentage
of act ive hydrophobes based on the yield da ta and
ca lcu la ted according to th is scheme is shown in Figure
6. We observe a rapid in it ia l decrease in the percentage
of act ive hydrophobes followed by a very slow decrease
a t CD/macromonomer molar ra t ios above 15. We also

Figure 4. Effect of addit ion of var ious amounts of !-CD on
the (a) steady shear viscosity and (b) dynamic elast ic (G′) and
viscous (G′′) moduli of a 1% unmodified polymer solu t ion . This
polymer is ana logous to the HASE associa t ive polymer used
but with the hydrophobic groups replaced by CH3 groups.

Figure 5. Yield of macromonomer-CD inclusion complexes
as a funct ion of the molar ra t io of CD/macromonomer .

mCD + C22EO40∼ h nCD5-(C22EO40∼) +
(m - 5n )CD + (1 - n )-(C22EO40∼)

moles of macromonomer in 1 g of feed (F) )
1

mMCD + Mmacro
moles

moles of complexed macromonomer (P) )
y

5MCD + Mmacro
moles

% act ive hydrophobes ) (F - P
F ) × 100
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find tha t the percentage of act ive hydrophobes a t a CD/
hydrophobe molar ra t io of about 15 is less than 10% for
R-CD compared to about 20% for !-CD. The presence of
fewer act ive hydrophobes when using R-CD compared
to !-CD is consistent with the enhanced effects produced
by R-CD, compared to !-CD, on the steady shear
viscosity and dynamic moduli of concent ra ted HASE
solu t ions.
Calcu la t ing the number of act ive hydrophobes in the

solu t ion a llows sca ling the rheologica l proper t ies with
the concent ra t ion of the hydrophobic groups. F igure 7
shows sca ling of the steady shear viscosity a t a fixed
shear ra te (0.01 s-1) and the elast ic modulus a t a fixed
frequency (10 rad/s) as a funct ion of the concent ra t ion
of the hydrophobic groups. Here the change in the
concent ra t ion of the hydrophobic groups is a resu lt of
their encapsula t ion with R- or !-CD. The sca ling expo-
nents for both the viscosity and the elast ic modulus
seem to be independent of the type of CD as the case
should be. More in terest ingly, the sca ling exponents of

2.5 and 2.2 for the viscosity and elast ic modulus,
respect ively, a re ana logous to sca ling exponents ob-
served exper imenta lly for η or G′ with polymer concen-
t ra t ion for the same44 or similar HASE polymers48,49 for
c > ce (the entanglement concent ra t ion). However , the
2.5 exponent for η is lower than tha t predicted by the
st icky repta t ion model.50 The agreement between the
scaling of the rheologica l proper t ies with the hydropho-
bic group concent ra t ion and with the polymer concen-
tra t ion reflects the strong dependence of rheology on the
hydrophobic in teract ions. These dependences hold t rue
as long as the polymer cha ins are kept in the same
concent ra t ion regime. It should be noted tha t while the
act ive number of the hydrophobic groups will not a ffect
the cha in entanglement , changing the polymer concen-
t ra t ion would.
3.3. Characte rization and In teraction Modes of

CD-Macromonomer ICs . The DSC technique was
used to confirm complex format ion and to determine
whether the “inclusion compound” separa ted via cen-
t r ifuga t ion conta ined any free macromonomer . F igure
8a ,b shows the DSC thermograms of the macromono-
mer , R-CD, !-CD, and their ICs. The DSC thermograms
of the macromonomer-R-CD and macromonomer-!-CD
complexes show no endothermic peak where the melt ing
poin t of the free macromonomer is expected. This
confirms the absence of free macromonomer in the ICs.38
The complexa t ion between CDs and the macromono-

mer also impacted the thermal stability of both CDs and
the macromonomer . F igure 9a ,b shows the TGA data
of R-CD, !-CD, macromonomer , and their ICs. The TGA
data for R- and !-CD show the onset of weight loss a t

Figure 6. Effect of the CD/hydrophobe molar ra t io on the
percentage of act ive macromonomers present , ca lcu la ted on
the basis of the yield da ta in Figure 5.

Figure 7. Effect of the act ive hydrophobes concent ra t ion on
the steady shear viscosity a t fixed shear ra te 0.01 s-1 and
elast ic modulus a t fixed frequency 10 rad/s. The change in the
act ive hydrophobe concent ra t ion is due to the encapsula t ion
with R-CD (open symbols) !-CD (open symbols). Act ive hydro-
phobe concent ra t ion has been ca lcu la ted as in Figure 6.

Figure 8. DSC scans of (a ) R-CD, macromonomer , and their
inclusion compound and (b) !-CD, macromonomer , and their
inclusion compound. The scans shown are for the second
hea t ing taken after hea t ing the samples a t 200 °C for 3 min
to erase any thermal h istory.
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about 315 and 325 °C, respect ively. Both R- and !-CD
have a residue of about 20% at 500 °C. On the other
hand, the macromonomer has a higher tempera ture
onset for weight loss of about 400 °C and much lower
residue, about 1% at 500 °C. The macromonomer-CD
ICs have an onset between tha t of the macromonomer
and the CDs (about 340 °C) and a residue of about 10%
at 500° C. The improved thermal stability of the CDs
due to complexa t ion has been observed in other cyclo-
dext r in ICs.51,52
F igure 9 a lso revea ls tha t the macromonomer-CD

ICs have a mult istep decomposit ion profile. After the
onset of weight loss, there is a rapid decomposit ion up
to about 40% residue. This is followed by a very slow
but small decomposit ion regime for a few wt % at about
400 °C and a fina l rapid decomposit ion unt il a fina l
residue of about 10% is reached. Simila r mult istep
profiles have been observed with 4-arm poly(ethylene
glycol)-R-CD IC, 4-arm poly(ethylene glycol)-γ-CD
IC,52 and C4π C4EO8-R-CD IC51 and has been at tr ibuted
to the dethreading of the guest (macromonomer) dur ing
the TGA run.51
Fur ther insigh ts in to the complexa t ion between the

CDs and the macromonomer have been obta ined using
1H NMR. Figure 10a ,b shows the 1H NMR spect ra for
R-CD, !-CD, the macromonomer, and their ICs recorded
in DMSO-d6. Both the methylene protons in the a lkyl
C22 and EO40 in the ICs are sh ifted downfield as shown
in Figure 11a ,b. The complexa t ion stoich iomet r ic ra t io
can be obta ined by compar ing the in tegra l a rea under
the H1 proton for the CD (4.80-4.82 ppm) with tha t of
the methylene protons of the a lkyl C22 from the macro-
monomer (1.20 ppm) in the IC spect rum. These peaks
are fu lly resolved and free from any over lap with other

peaks. The stoich iomet r ic ra t io obta ined from the 1H
NMR data is about 5, which is consisten t with tha t
obta ined from the yield da ta (Figure 5). Moreover , the
format ion of inclusion compounds is confirmed by the
1H NMR spect ra ; a very sign ifican t sh ift is observed for
cyclodext r in protons labeled as OH2 and OH3. Smaller
sh ift s a re observed for the other cyclodext r in protons
and both the a lipha t ic and the ethylene oxide protons
on the macromonomer (Figure 11).
Two in t r igu ing issues tha t remain to be resolved are

how much of the macromonomer is encapsula ted by the
CD and whether such complexat ion is sta t ic or dynamic
in na ture. Because the height of each CD bracelet is
∼7.9 Å,46 a fully extended macromonomer would require
∼20-25 threaded CDs for complete coverage. However ,
as noted above, we observe a CD-macromonomer
complex stoich iomet ry of ∼5, so only roughly one-fifth
to one-four th of the C22-EO40 chain is complexed by the
CDs. Although ten ta t ive, we can offer fur ther sugges-
t ions regarding the complexat ion of the macromonomer
with CDs based on the 1H NMR observa t ions presented
in Figures 10 and 11. Let us consider the following two
scenar ios: (i) a ll CDs are moving a long and possibly
threading onto and off of the C22-EO40 macromonomer
cha ins rapidly on the NMR time sca le (MHz), and (ii)
some of the CDs are rapidly moving a long and possibly
threading and dethreading onto and off of the macro-
monomer as in (i), whereas the remain ing CDs remain
complexed with the macromonomer for longer t imes. It
is reasonable to suppose tha t CDs may only thread the
macromonomer cha in from the C22 end and not from
the bulky TMI (meta) end-conta in ing methyl groups.
This is because Harada et a l.53 repor t tha t the presence
of dimethyl groups effect ively prevents complexa t ion of
polyisobutylene with R-CD (0% yield) and !-CD (9%
yield). Ster ic h indrances by methyl groups have a lso
been repor ted in prevent ing complexa t ion of poly-
(propylene glycol) with R-CD.54 It has also been observed
tha t disubst itu t ion of benzene end-caps on poly(pro-
pylene glycol) prevents it from forming inclusion com-
pounds with any type of CD.54 Both of these observa-
t ions st rongly suggest tha t th reading of the macro-
monomer by CDs is limited to the C22 end and not from
the bulky TMI (meta) end. As a consequence, scenar io
(i) would be expected to evidence 1H NMR spect ra for
the macromonomer-CD complexes with CH2 protons
from both the C22 and EO40 por t ions of the macromono-
mer cha ins resona t ing upfield from their posit ions in
the free macromonomer . This appears to be the case for
the C22 CH2 protons, as seen in Figure 11a . However ,
in Figure 11b we note tha t the CH2 protons belonging
to the EO40 por t ion of the complexed macromonomers,
while a lso sh ifted upfield from their uncomplexed
resonance frequencies, exhibit even higher field shoul-
ders on their main resonance peaks. This is suggest ive
of two differen t popula t ions of EO40 CH2 protons, with
the major ity of EO unit s exper iencing rapidly moving
CDs, while the smaller remain ing popula t ion are com-
plexed and covered by the CDs for a longer per iod of
t ime, as descr ibed in scenar io ii.
We therefore suggest , tha t a t any given t ime, one-

fifth to one-four th of the C22EO40 macromonomer cha in
is complexed and therefore covered by CDs, with CDs
able to rapidly move a long most of the C22EO40 cha in
and possibly thread/unthread onto/from the C22 end. In
addit ion, a minor populat ion of the EO40 macromonomer
unit s, which are likely those closest to the bulky TMI

Figure 9. TGA scans for (a ) R-CD, macromonomer , and their
inclusion compounds and (b) !-CD, macromonomer , and their
inclusion compounds. Samples were heated at 20 °C/min under
n it rogen .
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(meta) end, remain complexed and covered by CDs for
longer t imes. Future NMR relaxa t ion studies will be
necessary to substan t ia te the suggest ions we have
ten ta t ively offered here concern ing the deta iled char -
acter ist ics of the macromonomer-CD and HASE-CD
complexes.
3.4. Recovery of Solu tion Rheology. In the previ-

ous sect ions, we presented an approach to reduce the
viscoelast icity of HASE solut ions through complexat ion

with CDs to form inclusion compounds. This complex-
a t ion yields a solu t ion with a fina l viscosity or dynamic
modulus severa l orders of magnitude lower than the

Figure 10. 500 MHz 1H NMR spect ra of (a ) macromonomer , R-CD, and their inclusion compound and (b) macromonomer , !-CD,
and their inclusion compound. All spect ra were acquired in DMSO-d6.

Figure 11. Par t of the 500 MHz 1H NMR spect ra showing
(a) the a lipha t ic CH2 protons of the macromonomer and it s
inclusion compounds with R-CD and !-CD, and (b) the CH2-
CH2-O protons of the macromonomer and it s inclusion
compound with R-CD and !-CD. All spect ra were acquired in
DMSO-d6.

Figure 12. Effect of adding macromonomer to a 3% HASE
polymer solu t ion tha t has had it s hydrophobic in teract ions
deact iva ted by 20 mol of !-CD. (a ) Steady shear viscosity and
(b) dynamic elast ic (G′) and viscous (G′′) moduli of the polymer
solut ion. Numbers in figure denotes amount of macromonomer
added to the solu t ion in mM.
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original solut ion. The quest ion that needs to be resolved
is whether the HASE solu t ion can recover it s visco-
elast ic character ist ics and to what exten t . Since the
macromonomer par t of the HASE polymer in teracts
with the CDs, the addit ion of more macromonomers to
the HASE solu t ion tha t is complexed with CD would
shift the equilibr ium between the polymer and the CDs
away from their complexed sta te, as CD-macromono-
mer complexes are formed. This, in turn , would free
some of the hydrophobic groups in the polymer and
enhance solu t ion viscoelast icity.
To test th is hypothesis, we have added differen t

amounts of macromonomer to a HASE solu t ion com-
plexed with CD. Par t s a and b of Figure 12 show the
effect of macromonomer addit ion on the steady shear
viscosity and the dynamic moduli, respect ively, of a 3%
HASE tha t was complexed with 20 mol of !-CD per
hydrophobes. The addit ion of the macromonomer in-
creases the solu t ion viscosity, and a complete recovery
of the zero shear viscosity is reached with about 4.5 mM
macromonomer . The macromonomer addit ion a lso in-
creases both the elast ic and loss moduli and reduces
their dependence on frequency. In fact , with 4.5 mM
macromonomer the pla teau elast ic modulus reaches
tha t of the or igina l solu t ion . Fur ther sur factan t addi-
t ions decrease the steady and dynamic rheologica l
proper t ies. This decrease in the steady and dynamic
rheologica l proper t ies can be expla ined on the basis of
the in teract ion between nonionic sur factan ts, CD, and
HASE polymer . A por t ion of the macromonomer added
is encapsula ted by CD, a par t in teract s with the

polymer , and the remain ing stays as free macromono-
mer . Beyond a cer ta in concent ra t ion , the macromono-
mer in teracts nega t ively with the polymer , leading to a
reduct ion in viscosity and viscoelast ic proper t ies. This
has been repor ted for in teract ion between nonionic
sur factan ts and HASE polymers55-57 and can be ex-
plained as a result of the concentrat ion of free surfactant
reaching it s upper cr it ica l micelle concent ra t ion (cmc).
The effect of a nonionic sur factan t , nonylophenol

sur factan t with 4 EO unit s (NP4), on the steady shear
viscosity and the dynamic moduli of a 3% HASE solut ion
complexed with 20 mol of R-CD per hydrophobes was
a lso examined and is illust ra ted in Figure 13a ,b. With
the addit ion of about 40 mM surfactan t the zero shear
viscosity is fu lly recovered, but the viscosity profile is
differen t than tha t of the or igina l solu t ion . With added
sur factan t , the solu t ion shows a higher degree of shear
th inn ing compared to the or igina l solu t ion . Simila r
findings are a lso obta ined from the dynamic measure-
ments, with an increase in the level of the dynamic
moduli and lower dependence on frequency with the
addit ion of NP4 sur factan t .
Despite the recovery of the zero shear viscosity and

the pla teau modulus, there are, however , differences in
the steady shear profile and dynamic spect rum of the
recovered and the or igina l solu t ions. The differences
tha t a re observed in either the macromonomer or NP4
sur factan t cases likely are a resu lt of the fact tha t both
the added macromonomer and NP4 also interact direct ly
with the HASE polymer .48,55-57

4. Conclu s ions
The use of inclusion compounds and sur factan t pro-

vides a viable approach to cont rol the hydrophobic
associat ions and concomitant solut ion rheology of HASE
polymers. The complexat ion of the normally associa t ing
hydrophobic macromonomer components with R- and
!-cyclodext r ins reduces the steady shear viscosity and
dynamic moduli of the HASE solut ions by several orders
of magnitude. Correla t ion of the viscosity and elast ic
modulus with hydrophobe concent ra t ion revea l power-
law dependences with sca ling exponents ana logous to
tha t observed with respect to polymer concent ra t ion .
Furthermore, it is possible to reversibly recover the high
viscoelast ic character ist ics of HASE solut ions containing
cyclodext r ins by t rea tment with sur factan ts tha t com-
pete with the hydrophobic por t ions of HASE for com-
plexa t ion with the cyclodext r ins. As a consequence,
cyclodext r ins and sur factan ts in combina t ion can be
judiciously employed to lower the viscoelast icity of
HASE solu t ions dur ing processing, while subsequent ly
recover ing the high viscosity and viscoelast ic proper t ies
tha t a re sought in their applica t ions.
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