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CHAPTER ONE
FIRST ANNUAL REPORT RESPONSIVE COPOLYMERS FOR ENHANCED

PETROLEUM RECOVERY

I. Introduction

A coordinatedresearchprograminvolvingsynthesis, characterization,and rheology
has beenundertakento developadvancedpolymer systemswhich shouldbe significantly more
efficient than polymers presently used for mobilitycontrol and conformance. Unlike the
relatively inefficient, traditional EOR polymers, these advanced polymer systems possess
microstructural features responsive to temperature, electrolyte concentration, _indshear
conditions. Desired rheoiogical behavior is accomplished by carefully controlling
hydrophobic or ampholyticinteractions between individualpolymer chains. The polymers
proposed circumvent major problemsinherent in even the best conventional EOR polymers
in which molecular weight is usuallycompromised in order to allow sufficient viscosity and
uniform permeation without plugging the porous network. Additionally, conventional
polymers are often poor mobilitycontrol agents in the presence of calcium, barium and
sodium salts, precluding use in offshore recovery. By contrast, these advanced polymers
would maintainhigh viscositiesor behaveas gels under low shear conditions and at elevated
electrolyte concentrations expected in some reservoirs. At high fluid shear rates,
intermolecular aggregates would dissociate yielding low viscosity solutions, subsequently
reducingpotential problems of face-pluggingand shear degradation during injection. Also,
certain copolymer compositions have been developed which emulsify hydrocarbons and
viscosifytheresultingfluid. Initiallaboratory experimentshave demonstrated the promiseof
such systems in higher salt, higher temperature reservoirs or as potential surfactant/
viscosifiers to mobilize entrapped oil.

Macromolecules can now be tailored for specific reservoir conditions. Most
importantly,however, thedevelopmentof new analytical techniques and screening tests now
allows rapid feedback for systematicdesign of water-solublepolymers.

In our laboratories, DOE-sponsoredresearch since 1978 has dealt with establishing
unifying concepts regarding the relationships between structure of carefully synthesized
molecules and fluid behavior under controlled salinity,pH, concentration, shear, and flow
through porous media.



Virtuallyevery behavioralpropertyof polymersolutions importantin EORcan be
relatedto hydrodynamicvolumeandto macromoleculararchitecture.

Changesin molecularstructureandhydrodynamicvolume can directlyaffect:

• concentrationsrequiredfor viscosity in mobilitycontrol

• degree of viscosity loss (or gain) in the presence of mono- and multivalent
electrolytes

• solutionphasestabilityas a functionof temperatureand ionicstrength

• adsorptionto porousmedia

• poreclogging

• chromatographicseparationand excludedpore volumeeffects (sweep efficiency
andslug dispersion)

• shearthinningeffects

• molecularassociations

The degree of shear, thermaland biologicaldegradationare also affected by molecular
structureandhydrodynamicsize.

PartiallyhydrolyzedpolyacrylamideHPAM and biopolymerssuch as xanthan have been
extensivelyuseddueto theirlargesolution dimensionsin water;both have chargedpendentgroups.
Additionally,the formerusuallyis of high molecularweight andthe lattercontainschainsstiffened
by cyclic structuresalong the backbone.

The additionof electrolytessuch as sodiumand calciumsalts to aqueousHPAMsolutions
results in viscosity loss and phase separation. The extent of loss depends upon temperature,
concentrationof polymer,concentrationof addedsalt,and polymer microstructure.Similareffects
are present with xanthan;however, they areof much less importancein theological behaviorand
phasestability,probablydueto molecular conformation,intermolecularinteractions,andextended
chainstructure.

We arestudyingthe effectsof macromolecularstructureon phase stabilityand saltsensitivity
for polymerswith carefullycontrolledstructuresand molecularweights. Table I below shows
copolymerstructure,molecularweightandzeroshear intrinsicviscosity in 0.257 M NaCIof selected
polymersfromourresearch. This tableillustrates the dramatic enhancement of solution properties
byproper molecular design.



Copolymers with similarmolecular weights and mole percent charged comonomers show
hydrodynamicdimensionsinsodium chloride decreasing greatly in the order NaAMB > NaAMPS >
NaA. (See Table i for structure.) Additionally, NaAMB and NaAMPS copolymers show no phase
separation in NaCl or CaCl2solutions up to saturation even at elevated temperatures. The NaA
copolymers(a classrepresentativeof hydrolyzed polyacrylamides)phase separate and/or precipitate
in the presence of NaCI and CaCI_. This behavior is a function of copolymer microstructure,
concentration and molecular weight. The phase stability and high viscosity of the NaAMB
copolymers were not expected and suggest the importance of hydrophobicity and conformational
effects on ion binding of Ca++and Na. ions to the polymer.

Copolymers of DAAM were synthesized for comparative purposes since they contained
similar but uncharged structures relative to those with NaA PS and NaAMB units. Surprisingly,
the viscosities in sodium chloride and calcium chloride solutions actually increased over those in
distilledwater. Even low molecular weight species showed high viscosity. In Table I, for example,
DAAM-11 had a viscositys_ to that of NaA in NaCI soiotion despite having a molecular weight
4 to 5 times lower. This unexpected result has been the basis of studies in our laboratories
on associative polymers detailed in suceeding chapters.

Recent discoveriesin our laboratoriesand a few related reports in the literature suggest to us
that microheterogeneous ordering or aggregation might be used as a mechanismfor developing
advancedpolymersfor EOR. Thesecopolymers can be tailored to be responsive to changes in salt
concentration, pH, or added surfactants. In addition to sweep efficiency improvement by
viscosification, responsive rheological fluids could conceptually be used to improve reservoir
conformance. Laboratorypolymersresponsive to changes in salt concentration and/or pH canform
highlyviscousfluidsor gels. Unlikeconventional cross-linked polymers, gelation can be reversed to
restore original flow.



Table I

Salt Semitlvlty (NaCI) of Model Copolymers
of Acrylamide

_j_ ..... __ ,,, --- _ . -- iiii ii __ i ii ii i i i jjl,,,,l_ i,iii i

Mol% Molecular _ o
SampleNo. Structure Comonomer Weight (dUg)

L_ -- __ --" I T i iii _ . nUll] II II Ii Jill L ' ' i iii111 ili

NaA-10 "(CH21"__2 iCI'I")" 10 1,000,000 14,0
CO CO

O'Na+ NI-12

NaAMPS-I-5 -(-CH2--_I-y(-CH,ICH+ 9.5 1,000,000 29.5
/ /

CO CO
I I
Nil NH=
I

CH3"_I"CH3
CH=--SO=O'Na'

/ /

CO CO
I I
Nil NH2
I

COO'Na.

DAAM-11 -f-C-'H2--_I _a ICH-)- 11 200,000 143
/ /

CO CO
I I
NH NH2
I

CH3-_I--CH3

t20
I
OH3



II. OverallResearchGoalsandAt_nroach

Theoverallgoalof thisresearchis to prepareadvanced copolymers for use as mobility control agents
in EOR thatrelyon microheterogeneousassociations(SchemeII-1) or ampholytic associations (Scheme11-2)
to producehigh viscosityin aqueous solutionsyet are shear thinning. Such molecules would: (a) be efficient
viscosifiers at low concentrationand moderate molecular weight, Co)maintain or increase,viscosity of the
solutionin the presence of mono- and/or multivalentelectrolytes, (c)maintain or increase viscosity at higher
temperatures or withpH changes, and (d) flow through relatively tight porous substrates under hioh shear
stresses yet retard flow at low shear stress due to associative proper

Scheme !I-1. Proposed interaction of associative, hydrophobicaUy modified polymers. Association
is favored by addition of NaC1 or other electrolytes and by increasing temperature.
Dissociation is favored by application of a shearing stress. Work in our laboratories and at
Exxon clearly demonstrates this effect. Additionally, dissolution in aqueous media can be
enhanced and adsorption onto porous substrate reduced by incorporating charged carboxylate
or sulfonate groups onto the copolymers.

_ Salt

or

Temp.

<
Shear

Scheme H.2. Polyampholyte expansion in salt solution. Copolymers with zwitterionic monomers
t_rcomonomer pairs exhibit low solution viscosity in water. As electrolyte is added expanded
cl_n conformation results in enhanced viscosity. Gelation can occur with proper ch_ce of
monomers. This effect can be reversed.

Compact Expanded
Chain Chain
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A second major goal is to investigate the feasibility of utilizing a hydrophobically modified
polymer as both the surfactant to emulsify oil and as a viscosifying agent (Scheme II-3) to increase
sweep efficiency in EOR. The oil phase swells the polymer micelles which, in turn, would yield
increased viscosity in the channels and pores. Such a polymer would eliminate the requirementof
separateinjections of a surfactantslug and a polymer slug and would avoid the attendant pmble_ns
of polymer-surfsctantmixing and slug dispersion normallyencountered in micellar/polymer flooding.

Specific research objectives are

• Synthesis of advanced copolymers which rely on hydrophobic or ampholytic
associations at low concentration for theological control. Such associations are
responsive to changes in pH and ionic strength.

• Syntlw,sis and characterizationof hydrophobic.allymodified copolymers which can
serve as both surfactantand viscosifier in EOR.

• 12eterminationof hydrodynamicvolume utilizing viscometry, low angle laser fight
scattering (LALLS), dynamic fight scattering (DLS), and size exclusion
chromatogrephy (SEC) techniques.

• Development of predictive models based on interrelationships of molecular
structure and solution behavior under operational conditions of temperature,
shearing stress, concentration, and ionic strength.

• Technology transfer to the private sector for scale-up and field testing.
• Education andtrainingof young scientists in innovative energy recovery research.

Scheme 1][-3. Polymeric surfactant-hydrophobic micelles swell upon contact with off and imeract
cooperatively resulting in oil emulsification and an increase in viscosity.



IlL Advanced Copolymer Synthesis/Characterization/Solution Behavior

A. Conceptual Design

The three advanced copolymer systems conceptually described above are under preparation
from the monomers shown in Scheme I11-1. Acronyms have been assigned to each structure to aid
in description of target copolymers. The associative copolymers rely on reversible hydrophobic
interactions induced by RAM monomers appearing along a hydrophilic copolymer backbone
composed of AM and ion containing monomers. For example, terpolymers of acrylamide (AM), 0,5
to 1.5% (RAM), and va_-yingconcentrations of NaA, NaAMPS, or NaAMB exhibit unexpected salt
response and viscosity behavior which are being built into our advanced responsive systems. The
remarkable viscosity responsiveness to changes hi NaC1 and polymer concentration are shown
graphically in Scheme 111-2. Clearly concentration-dependent, associative effects lead to marked
increases in viscosity which persist at elevated salt concentrations. Conventional EOR polymers do
not possess the important feature illustrated above.

Associative polymers without electrolyte comonomers present practical problems since they
are slow to dissolve and would likely adsorb onto reservoir substrates. Choice of anionic (NaA,
NaAMPS, NaAMB) comonomers aids dissolution and reduces adsorption particularly onto silicate
surfaces. Additionally reversible rheological responsiveness to pH is anticipated. The above
behavioral characteristics and predictions of cost effectiveness have dictated early study of
RAM/NaA/AM, RAM/NaAMPS/AM, and RAM/NaAMB/AM terpolymers.

The ampholytic copolymers and terpolymers (Scheme 1I-2) rely on increased hydrodynamic
volume upon addition of electrolytes. This viscosity increase is especially interesting for potential
mobility control and conformance in high salt environments (for example off-shore EOR). Synthetic
salt-responsive targets have been the sulfobetaine copolymer of AMPDAPS and AM and terpolymers
AMPDAC/NaAMPS/AM or AMPTAC/NaAMPS/AM. Initial studies show significant viscosity
increases with addition of NaC1to aqueous solutions of the above polymers. Substitution of NaAMB
for NaAMPS results in hydrogel forming polymers. Reversibility of gel characteristics could be
envisioned for "smart" profile moOifiers.

The final group of advanced polymers are the polymericsurfactants (Scheme I1-3). These co-
and terpolymers associate in an intramolecular fashion to yield "polysoaps" which allow mobilization
of residual oil As well, rheology can be reversibly modified by changes in pH or salt concentration.

In a number of cases for synthesis of all three polymer systems it will be instructive to
incorporate fluorescence labels into the copolymer backbone. The monomers NAS, APS, NaEAM,
and PPAM (Scheme III-1) have been utilized as reporters of the reversible associations in aqueous
media. These and other techniques are extremely important for optimizing macromolecular design.



Scheme HI.1. Monomers for Synthetically Tailored EOR Polymers.

CHr--CH CI-_-..CH CHr.-CH CI'I_-CH CI._--CH CI'_-.CH
I I I I I I
C=O C---O C---.O C=O C=O C=O
I I I I I I
NH= Na NH NH NH NH

I clH,H,.C-C I ICH,.C-CH, CH,-C-CH,; (CH,)nI I I I
CH, CH, CH, CH,

I I I
SO,N= Cl N(CH,),H COON=

- +

AM NaA RAM NaAMPS AMPDAC NaAMB

CH2==CH
I

CH2=CH CHz---_CH C=O
CH=--CH I I I

I C==O C-_-O NH
c_-o I I I
I NH NH CH2L'_"CH
NH (CH2)2 I
I I I I c=o

CH=-C-CH= (GH2)= (CH2)2 NH I
I I I I
CI-I= NH NH NH

C_'_--O I
CH=-_.CH, I I I

I o----s=o o==s=o (CH=)_
(CH_, I CH=

AMPDAPS NAS APS NAEAM PPAM



Scheme III,2. Viscosity behavior as a ft,,_,_ctionof NaC1 concentration and polymer

concentration for the terpolymer of 5 tool% NaA; 0.5 tool% C-10 AM and 94.5

mol% AM.



B. Copolymers of AM and NaAMB

Chapter 2 describes the synthesis, characterization and reactivity ratio studies of
acrylamide (AM) with sodium-3-acrylamido methylbutanoate (NaAMB). Previous
fundamental studies in our labs and core flow studies at Sun Oil and Refuting indicated the
potential of tlw.sesystems as mobilitycontrol agentsin EOR. We, therefore, have synthesized
copolymers to further study extensional behavior under controlled conditions. Reactivity
ratios were determined in 1M NaCI and compared to those in deionized water. Dilute
solution properties were examined as a function of composition of added electrolytes and
polymer mk_ostructure. The remarkable viscosity maintenance at high salinity is the subject
of sodium and celenium ion-binding studies utilizing 23NaNuclear Magnetic Resonance.

C. Terpolymers of AM, n-Decylacrylamide, and an anionic monomer

In Chapter 3 hydrophobicallymodified, water-solublepolyelectrolytes are discussed. The
third anionic monomer chosen from among soditmt-3-acrylamido-3-methylbutanoam
(NaAMB), sodh,:_,,acrylate (NaA), and 2-acrylamido-2-mclhylpropane-sulfonate (NaAMPS)
impartspH- and salt-responsive behavior. Solution and 1heological behavior depends upon
terpolymer composition, concentration, nature of the claarged groups, and ionic strength.
Within the carboxylate series, polymers with the carbo_:ylategroup closer to the polymer
backbone exhibit greater viscosity increase with added e'Lectrolyte above the critical overlap
concentration, C*. Spacing either the carboxylate o:r sulfonate group farther from the
backbone disrupts associative intermolecular interactions, lowering viscosity. Significantly,
both viscosity enhancement and ease of dissolution are possible in these systems.

D. Terpolymers of AM, N-(4-Butyl)phenylacrylamide (BPAM), and NaAMPS
or NaAMB.

Hydrophobically modified terpolymers of acrylamide, and N-(4-butyl)phenylamide
(BPAM) with either sodium-2-acrylamido-2-methyl propane sulfonate (NaAMPS) or sodium-
3-acrylamido-3-methylbutanoate (NaAMB) are Oescribed in Chapter 4. These. copolymers
are like those described in Chapter 3; however, they possess the phenyl substituent which
allows facile characterization via ultraviolet spectroscopic analysis. The carboxylated
terpolymers exhibit high viscosities in the presence of NaCI and CaClv but lose much of the
viscosity at low pH or in the presence of urea. "laaesulfonate copolymers are less responsive
to changes in pH or electrolyte concentration.

E. Associative Copolymers of AM with the APS Comonomer

In Chapters 5 and 6 the synthesis and solution properties of Copolymers of acrylamide
with a fluorescent comonomer N-[(1-pyrenylsulfonamideo)ethyl]acrylamide are described.
Copolymers were synthesized under both homogeneous and microheterogeneous conditions
(micellar). The presence of the pyrene label allowed assessment of associative properties.

10



Copolymers prepared in the presence of sodium dodecyl sulfate surfactant exhibited
associative behavior while those prepared under homogeneous conditions showed no
association. The presence of a "blocky" mierostructure is responsible for the associative
thickening mechanism. This result unambiguously defines the role of the hydrophobic
substituents in thickening and allows designof future systems.

F. AmpholyticCopolymers of NaAMPS with AMPTAC

Chapter7 describesthe synthesisand solution propertiesof high-densitypolyampholytes
of sodium-2-(acrylamido)-2-methylpropanesulfonate(NaAMPS) with [2-(acrylamido)-2-
methylproply]trimethylammonium chloride (AMPTAC). Reactivity ratios indicate an
alternating microstructure. At a 1:1 composition, the copolymers exhibit increases in
viscosity in the presence of electrolytes. Second virial coefficients from light-scattering
measurements were used to detect polyampholyte/polyeltectrolyte transitions with
compositionalchanges. Hydrationin the presence of electrolytes is important in determining
volume (viscosity behavior) and is discussed relative to composition and polymer
concentration.

G. Ampholytic Terpolymers of AM, NaAMPS, and AMPTAC

The promising viscosity response of the NaAMPS/AMPTAC copolymers led us to
synthesize terpolymers of AM, NaAMPS, and AMPTAC which possess significantly
enhancedviscosity. Chapter8 describesthe syntheticprocedures, structural characterization,
and rheological behavior of these systems. Enhanced viscosities in saline solutions were
observed for terpolymers containing as little as 0.5 tool% of each charged monomer. The
outstanding solution properties of these novel terpolymers in brine will allow tailoring and
optimizationof these and similar systems for field application.

H. Polymer SolutionExtensional Flow Behavior

In Chapter9 the existing literature on dilute polymer solutionextensional flow behavior
is summarized. Two theoretical models were analyzed to reveal the effects of
rnacromolecularproperties in producing solutions that offer high resistance to flow through
porousmedia. This high solution resistance is due to the uncoiling or extension of polymer
moleculesas theyare forced throughexpandingand contracting flow channels. Both models
did not explainall experimental data; however, the models provide a good understanding of
what phenomenaare importantin controllingfluidflowresistanceduring flow through porous
media.

11
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CHA_ER TWO: COPOLYMERS OF ACR_IDE AND SODI_ 3.
ACRYLAMIDO-3.METHYLB__OATE

Copolymers of acrylamide (AM, Mi) with sodium 3-acrylamido-3-
methylbutanoate (NaAMB, Ms) synthesized in 1M NaC1 (the ABAM2 series) are
compared to those synthesized in deionized water (the ABAM1 series). At fixed feed
ratios, higher incorporation rates were found for NaAMB with increasing ionic
strength of the polymerization solvent. Reactivity ratios calculated by the methods of
Kelen-T_idt_s changed from rlffil.23 and r_ffi0.50in deionized water to rlffil.00 and
r_=0.64 in 1M NaC1. This change is in accord with a decrease in electrostatic repulsion
between the macroradical and unreacted NaA . Dilute solution properties,
examined as a function of composition and added electrolytes, indicate differences in
microstructure for the ABAM1 and ABAM2 copolymers.

Introductian

Water soluble polymers that maintain high solution viscosities in the presence
of added electrolytes have been the subject of our continuing research 1.8. We have
previously studied the copolymers of sodium 3-acrylamido-3-methylbutanoate
(NaAMB, Ms) with acrylamide (AM, MI) synthesized in deionized water 4'5. NaAMB
(Figure 1) is the carboxylate_l version of the pH stable monomer sodium 2-acrylamido-
2-methylpropanesulfonate (NaAMPS). These monomers feature two geminal methyl
groups which protect the amide functionality from hydrolysis. The acrylamido
functionality allows polymerization to high molecular weights due to a high value of

Homopolymers of NaAMB and copolymers with AM are chain extended water-
soluble polymers known for their phase stability in the presence of Na . and Ca.. and
in high temperature environments 4'5. Their attractive viscosity characteristics and
electrolyte tolerance have been attributed to neighboring group and intra-unit
interactions.

'nIn this study, we exam1 e the effects of changing the ionic strength of the
polymerization solvent (water) on polymer microstructure and on solution properties.
By synthesizing the homopolymer of NaAMB, and the copolymers with AM, in the
presence of electrolytes we anticipate changes in microstructure and thus solution
behavior 8.
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Exnarimantal

Materials and Monomer Synthesis

3-Acrylamido-3-methylbutanoic acid (AMBA) monomer was synthesized via a
Ritt_r reaction of equimolar amounts of 3,8-dimethylacrylic acid with acrylonitrile as
reportedby Hoke and Robins_and modifiedby Blackrnon_.Acrylamide(AM) from
Aldrichwas recrystallizedtwicefromacetonepriortouse.Potassiumpersulfatefrom
Aldrichwas recrystallizedtwicefrom waterpriorto use. Reagentgradesodi_
chloridefromFisherScientificwas usedwithoutfurtherpurification.

SynthesisofCopalymersofSodium 3-Acrylamido,3.mathylbumnoataand
AcrylamidaintheopresancaofNaCl

'ZTheABAM2 seriesofcopolymerswas synthesledbyfreeradicalpolymerization
ofsodium3-acrylamido-3-methy!butanoate(NaAMB) withacrylamide(AM) in 1M
NaCl solution.Thesecopolymerswerecomparedwiththecopolymersoftheanalogous
ABAM1 seriespreviouslysynthesizedindeionizedwaterbyBlackmon4.Inbothcases
potassiumpersulfatewas usedastheinitiator;thereactionswereconductedat30_:I
and pH with a 0.46M monomer concentration.For each seriesthe amount of

'nacrylamideI thefeedvariedfrom25to90 tool%.

A typicalsynthesisinvolvedthe dissolutionofspecifiedquantitiesofthe
monomers in separatesolutions.The sodiumsaltNaAMB was obtainedby the
additionofNaOH toAMBA. The monomerswerethenmixedtoforma singlesolution.
FollowingadjustmentofthepH to9,thereactionmixturewas transferredtoa 500ml,
3-neckedroundbottomflaskequippedwitha mechanicalstirrer,nitrogeninlet,and
gasbubbler.The mixturewas spargedwithnitrogenfortwentyminutestheninitiated
with 0.1tool% potassiumpersulfate.Sampleswere takenat low and moderate

r'convemons tostudycopolymerdrift.The polymerswere precipitatedinacetone,
redissolvedindeionizedwater,thendialyzedusingSpectra/Por4 dialysisbagswith
molecularweightcutoffsof12,000to14,000daltons.Afterisolationby lyophilization,
the copolymerswere storedin desiccators.IR: ABAM2-100 homopolymer,N-H
(broad),3400-3300cm'_;C-H,2955cm'_;amideC=O, 1655cm'_;sodiumsaltC=O, 1580
cm"_.Typicalcopolymer:ABAM2.40, N-H (broad),3450-3300CM "_;AM amideC=O,
1665cm'_;NaAMB amideC=O,1665cm-_;(s),1520cm"_(rn);sodiumsaltC=O, 1580
cm"_._aCNMR: ABAM2-40, AcrylamidoC=0, 182.3ppm; NaAMB C=O, 178.1ppm;
chainCH_,38.0ppm; chainCH,44.6ppm; gem CHa,29.0ppm; NaAMB C,55.4ppm;
NaAMB CH_,50.8ppm.

Copolymer Characterization

Elementalanalysesforcarbon,hydrogen,and_itrogenwereconductedbyM-H-
W LaboratoriesofPhoenix,AZ on both thelow and high conversioncopolymer
samples.IaCNMR _pectrawere obtainedusing10 wt % aqueous(D20)polymer
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r . tsolutions. The procedure for quantitatively dete numng copolymer compositions from
18CNMR has been discussed in detail elsewhere s. FT-IR spectra for all materials
synthesized were obtained using a Perkin-Elmer 1600 Series FT-IR spectrophotometer.
Light scattering studies were performed on a Chromatix KMX-6 low-angle laser light
scattering spectrophotometer and refractive index increments were obtained using a
Chromatix KMX-16 laser differential refractometer. All measurements were conducted
at 25°C in 0.512 M NaC1 at a pH of 7.0 ± 0.1.

_Viscosity Measurements

Stock solutions of sodium chloride (0.042, 0.086, 0.257, and 0.514 NaC1) were
prepared by dissolving the appropriate amount of salt in deionized water in
volummetric flasks. Polymer solutions were then made by dissolution and dilution
to appropriate concentrations. After aging for two to three weeks, the solutions were
analyzed with a Contraves LS-30 rheometer.

Resu!_ and Discussion

Copolymers of NaAMB and AM synthesized in deionized water (the ABAM1
series) are expected to be different from those synthesized in a 1M NaC1 aqueous
solution (the ABA.M2 series). At pH 9, well above the pKa of the carboxylic acid
group, 3-acrylamido-3.methylbutanoic acid (AMBA) exists in its changed form,
sodium 3.acrylarnido-3.methylbutanoate (NaAMB) (Figure 1). During polymerization
the presence of NaC1 should shield electrostatic interactions between charged groups,
minimizing charge-charge repulsion between the NaAMB units on the growing
macromolecular chain and the unreacted NaAMB.

Effects of NaCI on Composition

CO "'Varying comonomer feed mposmons were used to synthesize the ABAM2
copolymer series with aqueous 1M NaC1 as the polymerization solvent (Table I). The
low conversion aliquots were taken when the reaction mixture first showed signs of
increased viscosity. The polymerizations were then allowed to proceed to high
conversion for optimum polymer yield. The compositions in Table I show a small
amount of compositional drift as a result of the increased conversion. For example the
copolymerization c_nducted at a 60:40 ratio of AM:NaAMB showed a 1.2% increase in
M2 composition at 24% conversion over that observed at 4.1% conversion. The
copolymers synthesized in deionized water did not exhibit copolymer drift with
increased conversion.

Elemental analysis was used to determine the copolymer compositions. The
weight percentages of carbon and nitrogen obtained from elemental analysis can be
represented by equations (1) and (2).
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C/I_01 = 8A . 8B (1)

NNII,IL01 = ,A + B (2)

The coefllcients A and B are the number of moles of AM and NaAMB, respectively, in
a normalized amount ofcopolymer, e.g. one gram. The mole percent of each monomer
in the copolymer may then be determined using equations (3) and (4).

mol__ ._,tl(,t + B) m 100_ (3)

molW.Nd_ll_B. BI(.4 + B) _ 100_ (4)

A second set of copolymers was synthesized in which the 'onic ktren_ of the
polymerization solvent was varied while the copolymer composition was maintained
at 25:75 AM:NaAMB (Table II). As illustrated in Figure 2, increasing the ionic
strength of the polymerization solvent allows more NaAMB to be incorporated into the
copolymers up to a limiting composition. These results are similar to those of Breslow
and Kutner _ who prepared polymers of' sodium ethylenesulf'onate. They found an
increase in the rate of polymerization and molecular weight upon the addition of
sodium acetate. This was attributed to the reduction of an electrostatic effect which
repels the ionic monomer from the negative charges on the growing chain. The
compositions of the copolymers in Table II indicate that a similar reduction in
electrostatic repulsion has occurred in the presence of`NaCI. However, the relative
hydrophobic character of`NaAMB may also enhance its reactivity with the terminal
NaAMB mer on the propagating chain.

E_c_ ofNaC_IonReactivi_Ratios

The compositionsofthelowconversioncopolymersoftheABAM1 and ABAM2
seriesare compared in TableIll. For everyfeedcomposition,the copolymers
synthesizedinthepresenceofNaCl had greateramounts ofNaAMB incorporated.
Thisinformationispresentedgraphicallyin Figure3. The data fortheABAM2
copolymersliecloserto the dashed linewhich representscompletelyrandom
copolymerization.The reactivityratios(TableIV)derivedbythemethodsofFineman-
RossI°and Kelen.TCtdt_sI_arecloserto"ideal"(r_= rs= 1)withadded NaCl;r_,rs
valuesare1.2,0.5inwaterand 1.0,0.6inNaCI solutionrespectively.Itisinteresting
thattheproductr_r2doesnotchangesignificantlyforthecopolymersmade inthe
absenceorpresenceofsalt(TableIV).
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Chan_esin Co_no]yrnerMierostructurs

Statistical microstructural information can be obtained using the equations of
Igrashi Is and Pyun _s. These methods allow calculation of the fractions of Mi-M l, M2-
M_, and MI.Ms units in the copolymers from experimentally determined reactivity
ratios and copolymer composition.

The results obtained for the copolymers (Table V) support the premise that
changing the ionic strength of the pol_erization solvent should lead to different
copolyrner mlcrostruW=res. However, when the number of N_ centered triads are
plotted as a function ofcopolymer composition (Figure 4) the ABAM1 and the ABAM2
series data fall on the same curve. The dashed line represents the triad distribution
for an rl rs value of 0.64. igarashi's equations depend on the inverse of rl rgand as
long as this product remains the same the outcome of the equations will be the same.

Harwood, Park, and Santee have discussed the inadequacies of reactivity ratios
by examining the microstructure of acrylamide copolymers using a catalyzed
intrasequence cyclization technique 14. They found that synthesizing copolymers of
acry]amide with styrene in a variety of solvents led to copolyrners with the same
microstructure despite extreme differences in reactivity ratios.

Yiscornetric S_udies

Effects of Copolymer Composition
The viscosity data obtained in this work indicate a change in the microstructure

' icof the copolymers upon changing the Ion strength of the polymerization solvents. The
intrinsic viscosities, obtained from Huggins plots, for the ABAM1 and ABAM2 series
copolymers are shown in Figure 5. For both series the highest intrinsic viscosities
were obtained from the copolymers contain less than 40 tool % NaAMB. Counterion
condensation likely occurs at compositions with more NaAMB. Additionally decreasing
molecular weight occurs with increasing NaAMB incorporation yielding lower
viscosities.

The differences in location of the viscosity maxima may be due to neighboring
group effects. At certain compositions the monomer units along the backbone can
interact via hydrogen bonding for form chain-stiffening structures _. The frequency of
these interactions will depend on the polymer microstructure. From Figure 6 it
appears that the highest viscosities in deionized water are produced when the
composition of NaAMB lies between 10 and 25 tool % for the ABAM1 series and 20 to
40 tool % for the ABAM2 series. The lack of smoothness of the viscosity copolymer
composition curve from the ABAM1 series has been reported previously and may be
due to conformational restrictions due to nearest neighbor interactions s.
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Effects of Molecular Weight
Molecular weight affects the dilute solution behavior of copolyrners. Table VI

compares the molecular weights and 2nd viriai coefficient values of the copolymers
made in deionized salt water. Samples ABAMI.10-2 and ABAM2-25-2 have molecular
weights of 15.6 x 108 and 16.0 x 106 g/tool respectively. These two copolymers also
have similar zero-shear intrinsic viscosities. Second virial coefficients indicate that
even though ABAMI-10-2 has less charge than ABAM2-25-2, it is better solvated.

Samples ABAM1-25-2 and ABAM2-40-2 also have similar molecular weights but
their viscosities are markedly different. The dissimilar second virial coefficients
indicate the importance of polymer solvation on hydrodynamic volumes in solution.
The small As values for both ABAM1.25-2 and ABAM2-25-2 suggest the existence of
microstructural interactions like those discussed above.

Effects of Added Electrolytes
The relationship of zero shear intrinsic viscosity to ionic strength for a number

of ABAM1 and ABAM2 copolymers as a function of ionic strength are illustrated in
Figure 6. Typical polyelectrolyte behavior is oberved. The polymer chains collapse as
the ionic strength of the sovlent increases. The change of intrinsic viscosity with ionic
strength has been used as a qualitative measure of chain flexibility. Smidsrod and
Huag isobtained what they called a "stiffness parameter", B, utilizing equation (5) in
which S is the slope of the plot of [vI] as a function of the inverse square root of the
ionic strength and [_I]Mis the intrinsic viscosity at a given salt concentration. The
exponent r is assumed invariant to polymer type and has an approximate value of 1.3

S ,, B . ([_l_)' (S)

Values orB are generally low for polymers which retain their viscosity (remain
extended) with increasing electrolyte concentration. Higher B values are reported for
flexible polymers. It should be noted that B is inversely related to measures of
stiffness such as persistence length on the steric factor _5. In general B values (Table
VII) for the copolymers in this work are higher for the ABAM2 series than the ABAM 1
series for similar overall compositions up to 65 mole%. Differences in the aqueous
solution viscosities for very similar molecular weights can only be attributed to
microstructural differences.

Interestingly,ABAMI-10-2 with 8.4molepercentNaAMB in thecopolymer
exhibitsthe bestelectrolytetoleranceovera wide rangeofNaCl concentrations
consistentwithourpreviousobservations2'4#.Neighboringgroupinteractionsbetween
isolatedNaAMB unitsand acrylamidearesuggestedtobe responsibleforchain
stiffening.More random placementofNaAMB unitsasexperimentallyobservedin
synthesisfromNaCl solutionsleadtohigherB valuesand lessstiffening.Finally,
above65 mole% few isolatedNaAMB unitsare availableforplacementbetween

neighboringacrylamideunitsand smallerdifferencesinstiffnessareobservedinthe
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two series of copolymers.

_Conclusions

The addition of NaC1 to the aqueous reaction medium results in more random
copolymerization of acrylamide with sodium-3-acrylamido-3-methylbutanoate.
Reactivity ratios determined experimentally at pH 9 changed from rl ffi 1.23 and r2 =
0.50 for AM, Na_IB (Ml, M2) in deionized water to rl ffi1.00 and r2 = 0.64 in NaCI.
The change is in accord with screening of electrostatic repulsion between the growing
chain and the charged monomer16'_7.As a result 7.1% more NaAMB is incorporated at
a 25:75 AM:NaAMB feed ratio.

It was anticipated that reacti_ty ratio changes might lead to significantly
different distributions of monomer sequences and persistence length changes.
Calculations using Igarashi°s method show nearly identical NaAMB-centered triad
distributions for copolymerizations in deionized or 1M NaCI solutions. Unfortunately
the calculated distributions only reflect that the mathematical product rz . r_ is
approximately 0.6 in both cases. This has no apparent physical significance.

Dilute solution behavior of the respective ABAM1 and ABAM2 series as a
function of electrolyte concentration reveals significant microstructural differences.
Qualitative comparisons of chain stiffness using the Smidsrod-Huag treatment _5
indicate microstmctural effects, likely hydrogen bonding interactions of NaAMB with

' adjacent AM units - are more effective in maintaining chain dimensions. Such
interactions are more effectively attained in oynthesis at pH 9 from deionized water
rather than 1M NaC1.

Technologically the NaAMB/AM copolymers continue to be of great interest
owing to their unusually high viscosity maintenance and phase stability in high
electrolyte and temperature environments.
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Table HI

Compositions of Copolymers of Acrylamide (AM) with Sodium 3-Acrylamido-3-
methylbutanoate (NaAMB) Synthesized in Deionized Water (the ABAM1 series)

.... and in IM NaC1 (the ABAM2 series).l[ [[ l[ II Ill

Feed Composition Polymer Composition"
Sample (tool %) (tool %)
Number AM , NaAMB , , AM , NaAMB ....
ABAMI-10-1 90 10 92.0 8.0
ABAM1-25-1 75 25 79.7 20.3
ABAM1-40-1 60 40 68.6 31.2
ABAM 1-60-1 40 60 51.6 ,48.4
ABAM1-75-1 25 75 37.9 63.1

ABAM2-10-1 90 10 90.4 9.6
ABAM2-25-1 75 25 76.2 23.8
ABAM2-40-1 60 40 63.7 36.3
ABAM2-60-1 40 60 47.0 53.0
ABAM2-75-1 25 75 32.4 67.6

I I I

° Determined from Elemental Analysis
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Table VI

Molecular Weight and Second Viral Coefficient Data
for the ABAM1 and ABAM2 Copolymer Series.

Sample''"' ' ' Composition'....... ' '' ........ Mw ' "..... A_..... '..... ''"' "'
Number AM NaAMB ............ (xl0_g/m01) (xl0'rnl mol/cf,) ......
ABAMI-10-2 ...............91_.6 8.4 16.6 4.28
.vI1-25-2 799 20.1 12.9 1.52
ABAM1-60-2 50.2 49.8 14.0 3.49

ABAM2-10-2 90.4 9.6 6.8 4.39
ABAM2.25-2 76.2 23.8 16.0 3.60
ABAM2-40-2 63.7 36.3 11.9 4.02
II [ I [[ IIIIII I IIII I I I I
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Table VII

Comparison of the ABAM1 and ABAM2 Copolymer Series
Based on the Smidsrod and Haug Stif_ess Parameter

NaAMB in
Sample Copolymer B
Number /tool %) ([TI] )........ ':'.... ' ..... '_'"L J_: ' ...................................... fl_i_] TM] L ii ira,

ABAM1-10-2 8.4 0.03
ABAM 1-26-2 20.1 0.07
ABAM1-40-2 81.4 0.12
ABAM1-60-2 49.8 0.12
ABAMl-75-2 63.6 0.11

ABAM2.10-2 10.6 0.06
ABAM2-25-2 24.8 0.15
ABAM2-40-2 37.5 0.20
ABAM2-60-2 56.4 0.16
ABAM2-75-2 70.2 0.11
J I I I I I I iii I I !11
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CH_=?H CH,,=(_. CH_=?H
,c=o (_=o (_=o
NH2 INH iNH

o._-_-OH_o._-_-o._
AM C=O C=O

1 I
O" Na+ OH

, NaAMB AMBA

Figure 1 - Structures of comonomers: Acrylamide (AM); Sodium 3-
Acrylamido-3-methyibutanoate (NaA); and 3-Acryl_do-3-
methylbutanoic Acid (AMBA).

;,5i

- I
t.

_67

Q •

}m59,

.<
121 "

z.5 o,_. o._ o.'6 o,_ lib 1.2! ! ! '' ! ' ! _"

Conc. of NoCI (mole/L)

Figure 2 - Mole percent NaAMB incorporated into a copolymer as a
function of salt concentration when the feed ratio is kept
constant at 25/75 mol % AM/NaAMB.
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Figure 4 - Number of NaAMB monomer unit centered triads as a function
of polymer composition for ABAM1 and ABAM2 copolymers.
The dashed line represents the triad distribution for any
polymer with rzr= = 0.64 regardless of the values of rz and r2.
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Figure 6 - Effect of sodium chloride concentration on the intrinsic
viscosities of ABAMI and ABAM2 copolymers determined at
30°C with a shear rate of 1.25 sec "1.

43



CHAPTER THREE: TERPOLYMERS OF NaAMB, .AM, .A_NDn-
DECRYLACRYLAMIDE

Ahar

Hydrophobically-modified, water-soluble, polyelectroly_s have been prepared
by a micellar technique from acrylamide, n-decylacrylamide and a third monomer,
sodium-3-acrylamido-3-methylbutanoate, sodium acrylate, or sodium.2-acrylamido-2-
rnethypropanesulfonate. These terpolymers exhibit rheoiogical behavior dependent
upon the terpolymer composition, nature of the charged monomer, ionic strength, and
pH. Although the hydrophobic monomer is incorporated in low concentration, the
associative effects are profound with some compositions maintaining hfgh viscosity in
NaC1 concentrations of up to 0.514M. Hydrophobic associations in terpolymers with
the carboxylate anion are stronger than stru_ly analogous terpolymers contai_g
the sulfonate anion, especially at high NaCl concentrations. Within the carboxylate
series, copolymers with the carboxylate group closer to the polymer backbone exhibit
greater viscosity increases with added electrolyte above a critical overlap
concentration. Presence of carboxylate or sulfonate groups farther from the
macromolecular backbone disrupts to a greater extent such hydrophobic associations.

Studies in our laboratories have focused on developing macromolecules that can
maintain or increase the viscosity of aqueous solutions in the presence of mono- or
multivalent electrolytes 1"1°. Such polymers may have important commercial
applications in enhanced oil recovery, drag reduction, flocculation, super absorbency
and in personal care and coatings formulations. Hydrophilic polymers containing a
small number of water-insoluble groups can undergo microphase'separation and
associations in aqueous solution. 1_'1_

Recent work by our research group involved the synthesis and characterization
of copolymers of acrylamide with n-alkylacrylamides with alkyl lengths of 8, 10, and
12 carbons. These polymers exhibit microheterogeneous associative behavior with the
incorporation of less than one mole % of n-alkylacrylamide, ls'19_le such copolymers
yield high viscosity solutions in the presence of added electrolytes above a critical
concentration, they are difficult to hydrate from the dry state. In order to enhance
dissolution and provide potential responsiveness to salt or pH changes, terpolymers
containing acrylamide (AM), 0.5 mole percent ofN-n-decrylacrylamide (C10AM) as the
hydrophobic monomer, and sodium-3-acrylamido-3-methylbutanoate (NaAMB), sodium
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acrylate (NaA), or sodium.2-acrylamido-2-methylpropanesulfonate (N_S) were
synthesized, j°,sl The two carboxylate monomers and one sulfonate monomer were
selected to evaluate the differences in pK, of pendent anions and to observe the
influence of the distance of the charged group from the polymer backbone. Rheological
properties were determined by low shear viscometry in deionized water and sodium
chloride solutions.

_x__erimentai Section

Acrylamide (AM), obtained commercially from Aldrich Chemical Co., was
recrystallized twice from acetone, dried under vacuum, and stored in a desiccator prior
to use (rap 81-84 °C). Acrylic acid, also obtained from Aldrich, was purified by vacuum
distillation in the pre:_ence of cupric sulfate to remove inhibitor prior touse. 2-
Acrylamido-2-methylpropanesulfonic acid (AMPS) was obtained from Fluka Chemical
Co. and recrystallized twice from a mixture of methanol and 2-propanol. N-n-
decylacrylamide z8(C10AM) and 3.acry!amido.3-methylbutanoic acid (AMBAf _were
synthesized and purified by previously reported methods. The monomers (Figure 1)
were polymerized in their sodium salt forms.

Potassium persulfate from J. T. Baker Co. was recrystallized twice from
deionized water prior to use. Sodium dodecyl sulfate, received from Aldrich Chemical
Co., was used without further purification. Reagent grade sodium chloride from Fisher
Scientific Co. was used without further purification. All aqueous solutions were
prepared using deionized water.

Polymer Synthesis

The incorporation of water-soluble and water-insoluble monomers into the
polymer backbone was accomplished by a micellar polymerization method. 16 In this
technique, use of a surfactant is necessary in order to solubilize the hydrophobic
monomer. Sodium dodecyl sulfate (SDS) was chosen as the surfactant in this instance.
Each reaction was conducted in a 500-mL, three-necked, round-bottomed flask
equipped with a mechanical stirrer, nitrogen inlet, and condenser. The appropriate
amount of ionizable monomer was placed in DI water and the pH adjusted to 9 with
NaOH to form the water-soluble salt. This amount was recorded and the solution
diluted to a final volume of 230 mls (13.0 reel). The acrylamide monomer was
dissolved in this solution, placed in a round-bottomed flask and was deaerated with
purified nitrogen for thirty minutes. Surfactant (7.93 g; 2.8 x 10"2reel) and 0.109 g (5.2
x 10_ reel) of C10AM monomer were then added and the solution heated to 50°C with
stirring under a nitrogen atmosphere. Potassium persulfate (0.005 g; 1.8 x 10.8reel)
dissolved in 5 ml of deionized water was added for a total water volume of 235 ml and
a total monomer concentration uf 0.44 M. The polymerizations were conducted for 4-6
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hours followed by dilution with an equal amount of water and precipitation into
acetone. The polymers were washed extensively in acetone and then dried under
vacuum for 24 hours. Molecular weights for four acrylamide homopolymers prepared
under the above conditions were determined to be from 1.0 to 1.5 x 106 by light
scattering. Associative interactions precluded meaning_l molecular weight
measurements for the hydrophobically modified terpolymers; however, molecular
weights would be expected to be in the same range.

pol_er Composition

Elemental analyses for carbon, hydrogen and nitrogen content of the
terpolymers were conducted by M-H-W Laboratories of Phoenix, AZ. In addition,
sulfur analyses of representative samples (of polymers not containing NaAMPS) were
performed to confirm the absence of residual surfactant (Table 1). The low amount of
C10AM incorporated into the polymer could be neglected in elemental analysis
calculations without introducing significant error.

Vis m try

S_ solutions of sodium chloride (0.085, 0.170, 0.257, 0.342 and 0.514 M) were
prepared by dissolving the appropriate amount of salt in deionized water contained in
volummetric flasks. Polymer samples were dissolved by gentle shaking on an orbital
shaker for 14 days to allow complete hydration before further dilutions of these stock
solutions were made.

Viscosity experiments were conducted on the Contraves LS 30 low shear
rheometer at a shear rate of 6s" at 30°C. The upper iimit of the Contraves is 250 cP
at a shear rate of 6s". Several polymers exceeded this value in the concentration range
investigated. These polymer solutions were gels and a value of 250 cP was assigned
to them for graphical purposes.

Results and Discussion..............

Electrostatic interactions and hydrophobic effects for terpolymers of the type
prepared in this study may lead to microheterogeneous phase separation of important
consequence in aqueous solution. The electrostatic interactions of carboxylate or
sulfonate groups along the backbone generally increase the hydrodynamic volume
while hydrophobic moieties aggregate in aqueous solution by intramolecular (closed)
or intermolecular (opon) associations dependent upon polymer microstructure,
concentration, and molecular weight. Proper selection of synthetic conditions can lead
to technologically important systems responsive to changes in pH or electrolyte
concentration
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Feed Comuosition

Three series of terpolymers were prepared by a modified micellar polymerization
technique reported in the patent literature by Turner, Siano, and Bock _8. The reaction
conditions (Table 1) were chosen in order to have feed compositions of 0.5 mol %of the
hydrophobic monomer C10AM, specified (5,10,25, and 40 tool%) concentration of the
anionic monomers, NaAMB, NaAMPS, or NaA and the remainder AM. Our initial
objectives were to achieve an associative viscosifier with properties of the uncharged
C10AM]AM copolymer previously prepared TMbut with pH or electrolyte responsiveness.
Additionally, it was our desire to assess the roles of the carboxylate and sulfonate
groups on hydrophobic domain disruption.

Teruolvmer Comuosition

Data from elementalanalysisshow agreementbetween feed rat:i'osand
copolymercompositionup to20molepercentoftheanionicmonomer (Table1).Above
20molepercent,theincorporationlikelydecreasesaselectrostaticrepulsionsbetween
structopendentchargedgroupsofthegrowingpolymerchainand chargedmonomer
unitsbecomesignificant.WhiletheincorporationofC10AM cannotbe determinedby
conventionalmethodssuchaselementalanalysisorNMR, Valint,etal2_haveshown
greaterthan85% incorporationofa chromophorelabeledhydrophobicmonomer by
ultravioletspectroscopy.Terpolymerswithionizablemonomer feedcompositionsof5
and 25 mole percentarerepresentativesamplesofa low-charge-densityand high-
charge-densityterpolymers,respectively.Terpolymers(Table1)arenamed according
tothetypeandconcentrationofionicmonomer present.Forexample,theterpolymer
witha feedcompositionof0.5molepercentC10AM, 94.5molepercentAM, and 5 mole
percentNaAMB isreferredtoasNaAMB-5.

SolutionStudies

Apparent viscosity(1_app in centipoise)isplottedas a functionofpolymer
concentration(gramsper 100mL org/dL)and ofsolutionionicstrength(NaCl)in
three-dimensionalplotstodearlyillustratesolutionbehavior.Reducedviscosity(rl_d
indeciliterspergram)isplottedas a functionofpolymerconcentrationforeach
polymer sampleat specificNaCI :oncentrationsto furtherillustraterheological
changes(Figures2-13).

NaAMPS Terpolymers
Both NaAMPS-5 and NaAMPS-25 show typical polyelectrolyte behavior at low

solution ionic strengths (Figures 2 and 3). The apparent viscosities of both systems are
high at low ionic strength characteristic of typical hydrated polyelectrolytes. Viscosity
then decreases with increasing ionic strength as the charged groups are shielded by
the addition of NaC1. However, above a critical polymer concentration (C*), _p and
Tiedof NaAMPS-5 increase with increasing solution ionic strength above 0.26 M NaC1,
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atypical of traditional polyelectrolytes (Figures 2(a) and 2(b)). The low charge-density
polymer (Figure 2b) shows a linear increase in vl_ only for the low ionic strength
solution. At higher ionic strength, vim increases rapidly indicative of interpolymer
associations. The high-charge-density NaAMPS-25 polymer shows linear behavior at
all ionic strengths investigated; apparently the increased charge-density effectively
prevents hydrophobic aggregation (Figures 3a and 3b) by disrupting water structure
ordering necessary for associative thickening behavior.

NaAMB Terpolymers
The NaAMB terpolymers exhibit unusual behavior as demonstrated by an

increase in apparent viscosity with increasing solution ionic strength (Figures 4a and
5a). The NaAMB-5 terpolymer does not show associative behavior at NaC1
concentrations less than 0.17M. The electrostatic repulsions of the NaAMB groups are
sufficient to prevent interpolymer aggregation through hydrophobic associations. At
0.26 M NaC1; however, a rapid increase in apparent viscosity is observed above
0.10g/dL indicative of associative behavior. In 0.51 M NaC1, no further aggregation
occurs above 0.10 g/dL. However, because the coil is further collapsed by the large
excess of NaC1, apparent viscosity is lower than that of the polymer in 0.34 M NaC1.
This also is clearly illustrated in the reduced viscosity plots for the NaAMB-5 polymer,
where linear behavior is observed only for the 0.17 M NaCI solution. Above 0.17 M
NaC1, _ again increases nonlinearly indicating associative behavior (Figure 4b).

The NaAMB-25 terpolymer (Figures 5a and 5b) behaves in a different manner
from NaAMB-5. The higher polymer charge-density results in a more expanded coil
at low solution ionic strength. Initially, coil collapse due to ionic shielding occurs with
increasing NaC1 concentration followed by an increase in viscosity. The NaAMB-25
curve does not exhibit the maximum seen in the low-charge-density polymer system
suggesting insufficient electrolyte to effectively reduce charge-charge repulsions.
Reduced viscosity solution behavior is linear for the high-charge-density NaAMB-25
polymer up to a concentration of 0.15 g/dL. Above this concentration the polymers
associate and vl_ increases exponentially.

NaA Terpolymers
An initial decrease and the leveling of apparent viscosity with increasing ionic

strength at high concentration is observed for NaA-5 (Figure 6a). The polymer has
nonlinear reduced viscosity solution behavior at all ionic strengths (Figure 6b). The
higher charge-density polymer (NaA-25) has low viscosity in low ionic strength
solution and apparent viscosity rapidly increases with increasing salt solution _ form
gels with viscosities greater than 250 cP measured at 6/sec shear rate (Figure 7a).
Similar behavior is seen in the _d plot; viSCOSityincreases even more rapidly at higher
ionic strength (Figure 7b).
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_omparisonoftheNaAMPS. NaAMB and NaA Terpolymers

NaAMPS terpolymersdemonstrateassociativebehavioronlyat low-charge-
densitiesand moderate-to-highionicstrength.However,the NaAMB and NaA
terpolymers,apparentviscosityincreaseslinearlywithsampleconcentrationuptoa
criticalvalueofsolutionionicstrength.Above thisNaCl molarity,the viscosity

exponentiallyincreaseswith polymerconcentrationindicativeof intermolecular
hydrophobicassociation.The saltconcentrationnecessaryforthistransitionishigher
fortheNaAMB polymerthanfortheNaA. Itisalsoapparentthattheterpolymers
containingNaA havemuch higherviscositiesthantheothersystemsinvestigated.

ConceptualModels

Atlowionicstrengthandhighchargedensity,theelectrostaticrepulsiveforces
dominatethepolymersolutionbehaviorand allthepolymersactas polyelectrolytes
with similarviscosities.Armstrong and Strauss24 have depicteda _pical
polyelectrolyteasanextendedchainwiththeionicatmosphereprojectingoutradially
toa distanceon theorderoftheDebye-Hiickelshieldinglength(K"I)where fora 1:1

simpleelectrolyteK"I= (0,304)/Im (e.g.fora 0.1M NaCl solutionK = 0.1nm). The
entirechainmay beenvisionedasenclosedbyatubewithan averagediameterof2K"I.
Eveninexcesselectrolyte,wherethechainmay forma randomcoil,thelocalgeometry
may berepresentedbytheabovemodeliftheradiusofcurvatureisgreaterthan2K"I.

The presenceof pendent C10AM hydrophobicgroupsalong the polymer
backboneapparentlychangestheaqueoussolutionbehaviorfromthatofa typical
polyelectrolyteathigherionicstrengths;thenonpolarn-decylgroupsareexcluded
from thepolarenvironment25resultingin networkformation.The onsetvalueof
interactionatlowC* valueshasyettobeexplained;however,Israelachvilietal.28'2_

and Pashleyetal.sshave demonstratedlongrangeattractiveinteractionofcrossed
cylindersofhydrophobicallymodifiedmicasurfaces.They reportedattractiveforces
10-100timesstrongerthanexpectedvan derWaalsforcesoverdistancesup to10nm.
Theseforcesdecayexponentiallywitha forceproportionaltoexp(-D/1.0)whereD is
equaltodistanceinnm.

Inourterpolymersystems,asthechargedensitydecreasesand solutionionic
strengthincreases,the electrostaticpotentialalongthe polymerchaindecreases
allowinglong-rangehydrophobicattractionswellbelowthatofC* forunmodified
polyacrylamides_s_. Israelachvilihas predictedaggregationfor charged,
hydrophobically-modifiedcolloidparticleswhere the Debye-Hiickelparameter
approachesthedecaylengthof1.0nm forhydrophobicassociationscorrespondingto
a solutionionicstrengthforNaCl of0.1M.27Thisisconsistentwithourfindingthat
significantassociativebehavioroccursonlyationicstrengthsgreaterthanorequalto
0.17M NaCl.
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Strauss et al. observed similar behavior with poly-4-vinylpyridine derivatives s°_'
hydrophobically modified with ethyl and dodecyl side chains. Low hydrophobic group
incorporation resulted in polymers that displayed intermolecular association above C*;
with increasing hydrophobic group incorporation, the polymers associated
intramolecularly resulting in polysoaps. Above a critical polymer concentration,
sufficient hydrophobic groups were present to associate either in-an inter-or
intramolecular fashion. The associations of bound hydrophobic groups were discussed
in terms of a critical micelle concentration similar to that for small molecule
surfactants. At low dodoecyl group incorporation, an insufficient number of
hydrophobic groups are present on any individual polymer chain to form a stable
ensemble. When a critical polymer concentration is reached, the polymer chains
associate to form an intermolecular network in the aqueous system.

The association of polymer chains results in a rapid increase in apparent
molecular weight (M_). Below this critical molecular weight rl.ppand rl,d increase in
a linear fashion and reduced viscosity as a function of concentration may be plotted
according to the Huggins equation s2. Above a critical Mapp, (Mr) viscosity increases
exponentially instead of linearly ss as seen by the increases in both apparent and
reduced viscosity (Figures 2-7).

The terpolymers containing NaAMPS are the least affected by changing ionic
strength, reflecting the insensitivity of the sulfonate anion. The carboxylate anions of
NaAMB and NaA polymers on the other hand, show aggregation as ionic shielding
causes collapse of the Debye-Hiickel radius. The much higher viscosities of the NaA
terpolymers may also be explained by the thickness of the Debye ionic layer. The
NaAMB and NaAMPS mers are farther from the polymer backbone and may interfere
with hydrophobic association more than the NaA mer. Additionally, the gem-dimethyl
groups of the NaAMB and NaAMPS may have sufficient hydrophobic character to
disrupt associations of the n-decyl groups into stable micelle like domains (Figure 8).

Conclusions

Associative polymers of acrylamide and n-decylacrylamide with sodium-3-
acrylamido-3-methylbutanoate, sodium acrylate, or sodium-2-acrylamido-2-
methylpropanesulfonate have been prepared by a micellar technique. The NaAMPS
terpolymersdisplaytypicalpolyelectrolytebehavioratlowsolutionionicstrengthand
highchargedensity.The sulfonategroupsarenotsufficientlyshieldedby theNa*
counterionstopreventelectrostaticrepulsionsand hydrophobicaggregationatcharge
densitiesof25 molepercent.The NaAMB and NaA terpolymersexhibitassociative
propertiesatlowerionicstren_hsand higherchargedensitiesdue tohydrophobic
associationsamong thedecylgroupsalongthepolymerchainastheDebye-Hiickel
reciprocalshieldinglength(K")isreducedtotheorderofthedecaylengthforlong-
rangehydrophobicinteractions.
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Distance of the ionic group from the backbone seems to influence hydrophobic
association also. The NaAMB and NaAMPS monomers allow charged groups to extend
out farther from the polymer backbone apparently preventing associations among the
hydrophobic decyl groups at low solution ionic strengths and high polymer charge
density. This is not observed for the NaA monomer with charge much closer to the
backbone. As the polymer coils interact, a critical apparent molecular weight is
reached and viscosity exponentially increases with increasing polymer concentration.

Although the goals of achieving facile dissolution of associative viscosifiers and
understanding more fully the effects of ionic monomer composition on solution
behavior have been realized, a number of significant problems remain unresolved.
First, the precise composition of these n-alkyl type terpolymers is not determinable by
current methods of analysis. Secondly, although preliminary data has been presented
and discussed at major symposia, ,_.,sthe precise nature of micellar polymerization has
not been elucidated, in particular sequence length of hydrophobic monomers produced
by the method and its importance on macroscopic viscosity. Finally, molecular weight
data for associative polymers, particularly those _ith blocky micrdstructures, is
suspect since intermolecular associations during dissolution may not be completely
disrupted. Therefore, comparisons can only be made (and then cautiously) on systems
prepared under similar synthetic conditions. Each of these concerns will be addressed
in subsequent papers in this series. _
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Table1

CopolymerCompositionofCIOAM Terpolymers
fromElementalAnalysisNeglectingCIOAM

FeedRatio Elem.Analy. PolymerComposition

Sample M_:M2b %C %N Mol% Mol%
AM NaAMPS

NaAMPS-40" 59.5:40 39.39 10.12 68.8 31.2
NaAMPS-25 74.5:25 42.01 11.18 65.6 34.4
NaAMPS-10 89.5:10 45.17 14.37 83.7 16.3
NaAMPS- 5 94.5:5 41.25 1,4.64 92.5 7.3

NaAMB
NaAMB-40 59.5:40 48.90 12.34 67.0 33,0
NaAMB-25 74.5:25 45,67 12.80 76,9 23.1
NaAMB-10 89.5:10 48.80 16.17 89.6 10.4
NaAMB- 5 94.5:5 45.85 16.09 93.9 6.1

NaA
NaA-40 59.5:40 41.50 11.94 73.9 26.1
NaA-25 74.5:25 42.43 13.19 79.7 20.3
NaA-10 89.5:10 45.00 15.33 87.2 12.8
NaA- 5 94.5:5 45.11 16.11 94.4 5.6

(a)feedcompositionofionizablemonomer
(b)M1 = AM; M2 = NaAMPS, NaAMB, orNaA
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i

Figure3,-2ao llnpp as a functionofpolymerconcentrationand solution

ionicstrengthfortheNaAMPS-5 terpolymer.
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Figure 3-3a. l_app as a function of polymer concentration and solution

ionic strength for the NaAMPS-25 terpolymer.
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Figure3-3b. Ti,_versuspolymerconcentrationfortheNaAMPS.25

terpolymerat5 differentsolutionionicstrengths.
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Figure 3-4a _.pp as a function of polymer concentration and solution

ionic strength for the NaAM_-5 terpolymer.

6O



200

bO

oCX::X:x30.09 M NoCI "Or

_--1 AAAAA 0.17 M NoCI I"0 00000 0.26 M NoCl
v150 _ 0.,.34 M NoCI 0

,a=a,,ka=0.51 M NoCI

O3
0
0 100-
O3

,,P.4

;:>

'-o

0 50, .2" o o

0 I I I

0.00 0.05 O.I0 O.15 0.20

Concentration (g/dL)

Figure 3-4b. 11,,aversus polymer concentration for the NaAMB-5 terpolymer

at 5 differentsolution ionicstrengths.

61



Figure3-5a Tloppasa functionofpolymerconcentration_.adsolutionionic

strengthfortheNaAMP-25 terpolymer.
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Figure 3-6a0 l'_,pp as a function of polymer concentration and solution ionic

strength for the NaA-5 terpolymer.
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Figure 3-7a. llapp as a function of polymer concentration and solution ionic

strength for the NaA-25 terpolymer.
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Figure 3-8 Schematic comparison of NaAMB terpolymer versus NaA

terpolymerillustrateshow hydrophobicassociationsmightbe

disruptedby themore extendedNaAMB ionicgroupresulting

inlessaggregationand lowerviscosity.
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CHAPTERFOUR: SYNTHESISAND CHARACTERIZATIONOF ELECTROLYTE
RESPONSIVETERPOLYMERSOFACRYLAMIDE,N-(4-

BUTYL)PHENYLACRYLAM1DE,AND SODIUM ACRYLATE,SODIUM-2-
ACRYLAMIDO-2-METHYLPROPANESULFONATEORSODIUM-3-ACR_DO-3-

METHYLBUTANOATE

Ahatra_

Responsive associative terpolymers of acrylamide, 0.5 mole percent N-(4-
butyl)pbenylacrylamideand5 and25 molepercentof oneof the following: sodium acrylate,sodium-
2-acrylamido.2-methylpropanesulfonate,or sodium-3-acrylamido-3-methylbutanoatewere
synthesizedby a micellarpolymerizationmethod. Terpolymercomposition was determinedby a
combinationof UV spectroscopyandelementala_ysis. Solutionpropertieswere determinedby low
shear rheometryas functions of polymerconcentration,solution ionic strength, pH and urea
concentration._ carboxylateterpolymersdemonstratehighviscosities in the presenceof up to 0.5
M NaCIand 0.17 M CaCI_,butlose muchof their viscosity atlow pH and high ureacontent. The
sulfonate-containingterpolymersare less responsiveat low pH andhighelectrolyteconcentration
then the carboxylate-containingterpolymers.

Hydrophobically associating,water-solublepolymers are importantin a numberof areas
includingenhancedoil recovery,dragreduction,andfor formulationin coatings andpersonalcare
itemsJ"_Intermolecularassociationsof thehydrophobicgroupsin aqueoussolution resultin network
formationanda rapidincrease in solutionviscosity. Typically,less thantwo percentincorporation
of thehydrophobicmonomerintothe polymerbackboneis necessaryto obtainassociativebehavior.
This concentrationis below the detection limitof standardtechniquessuch as NMRor elemental
analysis.Valintetai.7"9haveovercomethisdifficultybysynthesizingN-arylsubstitutedacrylamidcs,
includingN-4Coutyl)phenylacrylamideusedinthisreport;theseareeasilydetectedbyultraviolet
spectroscopy.

Researchinourlabshasconcentratedonmodifiedpolyacrylamidestogainafundamental
understandingofhydrophobicassociationsandtodevelopstructure-propertyrelationships,t°'t4In
thisworkwe reportthesynthesisandsolutionpropertiesofelectrolyte-responsiveterpolymersof
acryiamide(AM) withN-(4-butyl)phcnylacrylamide(BPAM) andone of thefollowingionic
monomers:sodiumacrylate0NaA),sodium-2-acrylamido-2-methylpropanesulfonateflNaAMPS),or
sodium-3-acrylamido-3-methylbutanoatc(NaAMB)(FigureI).Comparisonsmay bemadebetween
thesulfonategroup(NaAMPS)andthecarboxylatemoiety(NaAMB andNaA). Inaddition
comparisonsmaybemadebetweenthetwocarboxylateswheretheNaAMB hasaspacergroupthat
decouplesthechargedgroupfromthepolymerbackbone.Previouslywe reportedstructure-property
relationshipsforsimilarterpolymerswiththenonchromophorecontainingN-de_lacrylamide
monomer._3"15Hydrophobicgroupincorporationintoapolyelectrolyteallowedtheinteractionof
hydrophobicattractionsandelectrostaticcharge-chargerepulsionstobeinvestigate&
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Heretheinteractionof repulsiveelectrostaticandattractive,hydrophobicforces,bothintra-
andintermol_ularareexaminedasfunctionsof parameterssuch as pH, temperature,andpolytaer
concentration.Importantly,precisecompositionsof the hydrophobicmonomercan be determined
in each study.

ExtmrimentM

MaterialsandMonomerSvnthesi_...... v

AllchemicalswereobtainedfromAldrichChemicalCompany. Reagentgrade solventswere
used withoutfurtherpurification.Acrylamide(AM) was recrystallizedtwice from acetone, dried
undervacuum,andstoredina desiccator(rap 81-84 oC). Acrylicacid (hA) was purifiedby vacuum
distillation in the presence of cupricsulfate to removeinhibitorpriorto use. 2-Acrylamido-2-
methylpropanesulfonicacid(AMPS)was obtainedfromFlukaChemicalCo. andrecrystalilzedtwice
froma mixtureof methanoland 2-propanol.

3-Acrylamido-3-methylbutanoicacid(AMBA) wassynthesizedviaaRitterreactionusing
acryionitrileand3,3.dimethylacrylicacidinthepresenceofwaterandexcesssulfuricacid.The
procedureofHokeandRobbinst°wasemployedforthesynthesisofAMBA.

N-(4-Butyl)phenylacrylamide(BPAM)wassynthesizedfromthereactionof4.butylaniline
withacryloylchloridewithtriethylamineastheacidreceptorusingthemethoddescribedbyValint,
BeckandSchulzJ.4-ButylanilinewasrecoveredasaclearliquidaftervacuumdistillationatI00
°12/6-9mm Hg. Thecrudeproduct(90%yield)wasrecrystallizedfromamixtureofacetoneand
cyclohexaneat-5°12andawhiteproductwasrecovered(mp101-102°C).Anal.;FTIR(KBr):N.H
3290,C=C-H3120,aliphaticCH_,CHs2930and2860,C=O 1650,disubstitutedaromatic810and
730cm"I.l_ NMR (CDCI3):8 13,6(CHs),22.0(CHs-C,.,I:I2),33.3(CH:CH:£_:I2-),34.8(benzyl-
CH2),120.I,126.9,135.2,i39.0(aromaticCH) 128.5(=CH),131.2(CH2=),163.0(C=O).

ThemodelcompoundofN-(4-butyl)phenylacryismide,N-(4-butyl)phenylamidopropionicacid
(BPAP),Wassynthesizedinaone-stepreactionof4-butylanilinewithsuccinicanhydrideasfollows.
Distilled4-butylaniline(0.01reel)wasdissolvedin75mL ofdichloromethaneina 250-mLflask
equipped with a mechanical stirrer,thermometer,and addition funnel sealed with a dryingtube+
Succinicanhydride(0.01 reel) wasdissolvedin 100mLof dichloromethaneandadded to the reaction
mixtureover1 h at roomtemperature.A whiteprecipitatefonne4andwas filtered. The productwas
rezrystall_dfi'oma mixtureof acetoneandhexane at -5 °Cresultingin white crystals (rap 154-156
°C).

pol_er Synthesis

A micellarpolymerizationtechnique4was used to prepareterpolymers with monomerfeeds
of 0.5 mole percentcf the BPAM and 5 and 25 molepercenthA, AMBA, or AMPS. The remaining
polymerwascomposedof acrylamide (AM). The ionic surfactant, sodium dodecyl sulfate (SDS), is
necessary to dissolve BPAM in the aqueous solution.
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Eachreactionwas conductedin S00-mL,th_ necked,round-bottomedflasks equippedwith
mechanicalstirrer,nitrogeninlet,and condenser.The appropriateamount of ionizable monomerwas
placed in 240 mL deiontzcd water and the pH adjustedto 9 with NaOH pellets to formthe water..
soluble sodium salt (NaA, NaAMB, or NaAMPS), SDS surfactant (7.93 g; 2.8 x 10': reel) and
0.1117g (5.5 x 10"_reel)of BP._2vlhydrophobicmonomerwere thenadded respectivelyand stirred
under N2until a clear solution was observed. The acryiamidemonomer was then dissolvedin this j
solutionandheated to 50 °C with stirring. The water-solubleinitiator, potassium persulfate(0.010 I
g; 3.7x 10.5mol)dissolvedin 10mL of deionized water,was addedfor a total watervolumeof 250 i
mLand a total monomerconcentrationof 0.44M. The polymerizationswereconducted for 4-6 hours
followed by dilutionof the polymer mixtureswith equal amounts of water and precipitation into
acetone, The polymers were washed extensively in acetone and then dried under vacuum for 24
hours,

polvmegCh_aracmrizatioll

Polymer Purification.
Alterprecipitationthe polymersweredriedandredissolvedin deioni_d water. The samples

werethendialyzedagainstdeion_d waterthroughSpectraPorNo. 4 dialysistubing witha molecular
weight cut off of 12-14000 daltonsfor a minimumof seven days. The purifiedsampleswere then
lyop_d to aconstantweight. Attemptsto determinemolecularweights by light scatteringwere
unsuccessfuldueto the associativenatureof the terpolymers. Homopolyacrylamidepreparedunder
identicalconditionsyieldedmolecularweights of 1.0 to 1.5 x 106. Since all polymerseries were
preparedunderidenticalconditionscomparisonsof solutionbehaviorshould be qualitativelyvalid.

Elemental Analysis,
Elementalanalysesforcarbon,hydrogen,andnitrogen of the terpolymers were conductedby

M-H-W Laboratories of Phoenix, AZ. In addition, sulfur analysis of representative samples of
polymersnot containing a sulfur based monomer wasperformed to confirm the absenceof residual
surfactant,

UVAnalysis,
Ultraviolet spectroscopy was used in determiningpolymer composition of those polymers

containing monomers with chromophoric groups. All spectra were obtained in a Perkin-Elmer
Lambda 6 Spectrometer. Beer's Law Plots were obtained at 250 nm for the water-soluble sodium
salt of the model compound and compared with polymer absorbance. Polyacrylamide was used as
a reference to remove any background absorbance.

Solution Rheology.
Stock solutionswere preparedbydissolvingthe appropriateamountof salt in deionizedwater

contained in volumetric flasks. The appropriate amount of dried polymer was weighed into a glass
container and solvent added. Typical polymerconcentrations were 0.2 g/dL. The polymers were
dissolved by gentle shaking on an orbital shaker for 14 days to allow complete hydration before
further dilutions of these stock solutions were made. Viscosity experiments were conducted on a
thermostatically controlled Contraves LS 30 low shear rheometer.
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Compositional Calculations.
Polymer compositions were determinedusing a combination of UV spectroscopyand

elementalanalysis. The concentrationof BPAM wasdetermineddirectlyfroma Beer'slawplotin
mol/L. For terpolymers,three variablesandtwo equationswereused where variableC represents
themolesof BPAM in100g of polymerdeterminedfromUV, A the moles of ionic monomerin 100
g of polymer,andB the moles of AM in 100g of polymeras determinedfrommatrixalgebra. The
coefficientsare the numberof carbonsandnitrogensin eachmonomer. AfterdeterminingA and B
(withC known fromUV) foreachpolymersample,molepercentcompositionaldata werecalculated
to determinetherelativeabundanceof each of the monomers. Equations(1) through(5) wereused
forBPAM/NaAMPSwhereA is NaAMPSand B is AM.

% C/12.01 = 7A + 3B + 13C (I)
%N/14.01 = IA + IB+ IC (2)

Mole % NaAMP$ = 100A/(A+ B + C) (3)
Mole% AM ffi100B/(A+ B + C) (4)
Mole% BPAM = 100C/(A+ B + C) (5)

Similarequations[(6) through(10)] were used to determineterpolymercompositionsfor the
BPAM/NaAMBserieswhereA, B, andC areNaAMB, AM,and BPAM respectively.

% C/12.01ffi8A + 3B + 13C (6)
% N/14,01= IA+ iB+ IC (7)

Mole% NaAMB ffi100A/(A+ B +C) (8)
Mole % AM = 100B/(A + B + C) (9)

Mole %BPAM ffi100C/(A+ B + C) (10)

Equations (11) through(15) were used to determine terpolymercompositions for the
BPAM/NaA series. A, B, and C representmonumersNaA, AM, and BPAM respectively.

% O12.01 = 3A + 3B + 13C (II)
%N/14.01 = 0A + iB+ IC (12)

Mole %NaA = 100A/(A + B + C) (I 3)
Mole %AM = 100B/(A + B + C) (14)

Mole % BPAM = 100C/(A+ B + C) (15)

Results_d Discussioq

Previousworkin our laboratoryhas led to successfulpreparationof hydrophobicallymodified
polyelectrolyteterpolymerswith pH-andsalt. responsiveviscometric behavior,ts However, we were
concerned with the inability to absolutely quantify the decylacrylamide content. However the
introduction of the phenyl moiety into the hydrophobic monomer reported by Valint, Beck, and
Schulz7allowedus to substituteBPAM for decylacrylamide. The resulting terpolymers had similar
properties to those prepared previously,|s but importantly, compositions could be successfully
determined by a combination of elemental analysis and ultraviolet spectroscopy. Terpolymers
containing5 and 25 molepercent ionic monomer in the feed were prepared to represent low-charge
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densityandhigh.chargedensitypolymers,respectively,The hydrophobicgroupwasincorporated
intothepolymeratapproximately0.5moi% viathemiceilarpolymerizationandtheremaining
backbonewascomposedofacrylamide.MonomerstructuresareshownInFigureI.

Ionicstrengthoftheterpolymersolutionswasvariedfrom0.01to0.5toevaluatetheeffects
onpolymerrheology.TheeffectsofthedivalentcationCa2_werealsoinvestigatedin-0.17M CaCI_
(ionicstrengthof0.5).The effectsofurea,a waterstructurebreakerwhichinterfereswith
hydrophobicassociations,andpH werealsoevaluated.

Composillonalanalysis

Compositional data (Table I) indicate agreement between the feed ratios and copolymer
composition for the acrylamide and ionic comonomer, but hydrophobic monomer incorporation
decreases as much as 50% with increasing ionic group incorporation. Analogous nonionic
copolymerswere reported to resultin BPAM monomer incorporationgreater than 85%of the feed
ratioT'14;therefore, the introduction of charged groups into the backbone must interfere with
hydrophobicgroup incorporation. The growing polymerchain bearing anionic charge groups is less
likelyto interactwith theanionicallychargedsurfaceof the micelle where the hydrophobicmonomer
is solubilized. This also impliesthat the hydrophobicmonomersare less likely to havea charged
group as a nearestneighbor. Parallelstudies in our re,searchgroupsupport a somewhat blocky
incorporationof hydrophobicmonomersat low surfactant/monomerratios.

Solutionnro_rties of BPAM terpolymel_

Effect of ionic strength
Three dimensionalplots can be used to topologicallyshow relationshipsamong apparent

viscosity,terpolymerconcentrations,andionicstrength. Forsimplicity we have also plottedreduced
viscosity for each polymer as a functionof ionic strength in the traditional manner. Polymer
concentrationvaries from0.04 to 0.20 g/dL and NaClconcentrations0.01, 0.05, 0.10, and0.50 M
NaCLWhengels with viscositiesgreaterthan the upperrangeof the Contraves(operatingat 25 °C
anda shearrateof 6 s. 1) wereformed,an upperlimit of 250 cP is placedon the graphs.

The BPAM/NaAMPS-5 polymerhas a high viscosity at low ionic strength typical of
po!yelectrolytes. Howeverunliketraditionalpolyelectrolyteswhich completely lose hydrodynamic
volume with added electrolyte, this terpoly_nerabove the overlapconcenttatioa (C*) maintain
viscosity due to intermolecularhydrophobicassociations(Figure 2). Gel formationoccurs at
concentrationsabove 0,16 g/dLat all ionicstrengthsInvestigated.

The BPAM/NaAMPS-25polymerhas higher apparentviscosity than the low-chargedensity
analogsat concentrationsbelow C*. Above C*, however the low-charge densitypolymershave
higherviscosities (Figure3).

The BPAM/NaAMB<Jpolymerhas behaviorsimilar to that of the BPAM/NaAMPS.5
terpolymer. Viscosity is maintainedwith Increasingionic strength above C* (Figure4). The
BPAM/NaAMB-25 torpolymer behaves like a typical polyclectrolyte (Figure 5), while the
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BPAM/NaA-5 terpolymerbehaves in a fashionsimilarto the other low-charge densitypolymers
(Figure 6), The BPAM/NaA-25 (Figure 7) also has a higher 11,_,viscosity at low polymer
concentrationanda lowerviscosity aboveC* thaa its low-chargedensityanalogs.

Thelow-chargedensity t_rpolymershave lowerviscositiesbelow the overlap concentrauon
((2*)andhigherviscositi_ aboveC*thanthe high-chargedensitysystems. Below C* theionicforces
determinethe solutionbehavior,but above C* thehydrophobicinteractionsdominatethe solution
theology. Below C*, the increasein charge densityfrom5 to 25 mole percentresults in polymers
with largerhydrodynamicvolumes. Above C*, where viscosityenhancementis due to interpolymer
associations,thelow-chargedensity,charge-chargerepulsionsact to expand the polymercoil and to
enhancewater solubility;however, these are not sufficientto disrupt hydrophobicinteractions.
Higher charge densities both reduce the amount of hydrophobic group incorporated during
polymerizationanddisrupthydrophobicinteractions.

TheBPAM/NaAMPS-25terpolymer(Figure3)containsone.thirdleashydrophobicmonomer
thantheBPAM/NaAMB.25 polymer(Figure5),yethasamuch higherviscosityathigher,mlt
concentrations.ThisindicatesthatthepolyelectrolyteandhydrophobicInteractionsareactingin
concertand thatmicrostructuralplacementofthehydrophobicgroupsisasimportantasthe
hydrophobicmonomerconcentration.ThesoftNaAMPS anionsarelessaffectedbysolventionic
strengthandthereforethepolymerretainsahigherviscosityinsaltsolutions.TheNaAMB charged
grouprepulsionsareeffectivelyshieldedbythecounterions(sitebinding)resultinginalossof
hydrodynamicvolume.TheBPAM/NaA terpolymers(Figures6and7)maintainhighviscosityatall
ionicstrengths.Theproximityofthechargedgrouptothebackbonemayresultinlesshydrophobic
disruption,althoughsomereductioninviscosityaboveC*isalsoseenbyincreasingchargedensity
in thesesystems.

Viscosityplotsalsoillustratethatthehigh.charge-densityNaAMPS andNaAMB polymers
possesshigherviscositiesatlowconcentration;however,thelow-charge.densitypolymersassociate
efficientlyatconcentrationsbetween0.08and0.12g/dlresultinginarapidriseintherlmvs
concentrationplot.TheNaA containingpolymersarequalitativelydifferentinthatthehigh-charge-
densitysystemsmaintainhigherviscosityuptoalimitingionicstreng',h.

Effects of calcium salt
effect of calcium_t additionis demonstratedfor the BPAM/NaAMPS-5 (Figure 8) and

BPAM/NaA -5(Figure9)solutions.Asmightbeexpected,theCa2*ioncausesgreaterreduction
inhydrodynamicvolumethantheNat+ion.Althoughphaseseparationoftenoccursinsome
polye!ectrolytesystems,theselowchargedensitycopolymersretainsolubilityandhighreduced
viscositiesuptoconcentrationsof0.2g/dl.Athigherterpolymerconcentrationsgellationoccurs.

Effects of urea
Reduced viscositywas evaluated as a functionof added urea, reported to be a disrupterof

hydrophobic Interactions. Reduced viscosity was measured at 0.5 (Figure 10) and 0.01 M NaCI
(Figure 11) in 0, 1, 3, 5, and 7 M urea at a solution concentration of 0.1 g/dL. The low.charge-
densitypolymersBPAM/NaAMPS-5,BPAM/NaAMB-5, and BPAM/NaA-5were selected because
they appear to have the most numerous hydrophobic associations. A tenfold decrease _ reduced
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viscosity was observed while increasing urea concentration from 0 to 7 M urea at low ionic strength
for the BPAM/NaAMB system; the least drop in viscosity was observed for the BPAM/NaA
polymers. In 0.5 M NaC1, the viscosity decrease is much less pronounced for BPAM/NaAMB (55
to 30 dL/g) with increasing urea concentration (0 to 3 M). At both ionic strengths in 7 M urea, the
viscosities of the terpolymers decrease to approximately the value of their analogous, unmodified
copolymers. The urea clearly disrupts the hydrophobic interactions, resulting in deaggregation of the
polymer network. The large apparent molecular weight resulting from the interaction of several
polymer chains decreases to that of the unmodified coil in solution.

Terpolymers of BPAM, AM, and anionic monomers NaA, NaAMPS, and Na.M_,IBwere
prepared by a micellar polymerization method and characterized utilizing elemental analysis and
ultraviolet spectroscopy. UV comparisons of the model compound BPAP with the terpolymers
allowed direct analysis of hydrophobe content.

The low-charge density polymers exhibit lower viscosities below C* and-higher viscosities
above C* than their high-charge-density analogs. All of the low-charge-density polymers formed gels
at concentrations of 0.20 g/dL. Below C*, the electrostatic repulsions dominate solution behavior
and the polymers with the most ionic monomer content have larger hydrodynamic volumes. Above
C* interpoly -_raggregation and network formation is responsible for the large apparent _5scosities.
The low-charge-density polymers have the higher viscosities above C* due to less electrostatic
interference from charge-charge repulsions resulting _.nmore hydrophobic association.

The order of the high-charge-density systems with the most efficient aggregation and
therefore highest viscosities at a given concentration and ionic strength is BPAM/NaA >
BPAM/NaAMPS > BPAM/NaAMB. The presence of ionic groups adjacent to hydrophobic groups
may result in a disruption of the hydrophobic effect through water restructuring. If runs of
acrylamide separate the ionic groups from the hydrophobic blocks, synergistic effects might be
observed where the electrostatic repulsions can result in chain expansion and the hydrophobic groups
may also maintain interpolymer associations. In this instance the NaAMPS terpolymers are less
shielded by counterions and maintain larger hydrodynamic volumes than NaAMB terpol)Tners which
collapse with increasing ionic strength.

The reduced viscosities of the systems are sensitive to pH. The viscosities show a maximum
at pH 7-8. At low pH values, the charged groups are neutralized and the coil collapses, except for
the NaAMPS containing polymers. At high pH the presence of excess counterions reduces
electrostatic repulsions and results in a slight decrease in viscosity.

Reduced viscosity decreases measurably with increasing urea content. Urea interferes with
hydrophobic interactions and reduces the intermolecular associations. In 7 M urea the associative
polymers approach viscosities similar to those of unmodified analogs.

The difficulty of determining precise molecular weights due to polymer associations in dilute
solution continues to be a major obstacle. Additionally the mechanism of the miceUar pol.,,_erization
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and evidence for block hydrophobicruns at low hydrophobic monomer feed ratios are being
investigated.
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Figure 4-2. _._ as a function of polymer concentration and solution
lomc strength for the BPAM/NaAMPS-5 terpolymer.
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Figure 4-3. TI._ as a function of polymer concentration and solution
ionic strength for the BPAM/NaAMPS-25 terpolymer.
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Figure 4-4. .viol.as a function of polymer concentration and solution
lomc strength for the BPAM/NaAMB-5 terpolymer.
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Figure4-5. _.pp as a functionofpolymerconcentrationand solution
ionicstrengthfortheBPAM/NaAMB-25 terpolymer.
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Figure4-6. _oppas a functionofpolymerconcentxationand solution
iunicstrengthfortheBPAM/NaA-5 terpol)_ner.
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Figure 4-7. ._opr,.as a function of polymer concentration and solution
lomc strength for the BPAM/NaA-25terpolymer.

85



ii

ooooo 0.5 M NoCI 0
aaaaa 0.1 M NoCl

1000 .":. ,_AAA,_0.05 M NoCl
e. 00000 0.01 M NoCI '_9.,
a, ,t,._,_ 0.i7 M CoC6

(3

o

(1) 100_
% e..

9-.
6, ¢ 0

4- 8

3-"

¢r
2- 8

0.00 0.04 0.08 O.12 O.16 0.20

Concentration (g/dL)
Figure 4-8. Reduced Viscosity (llred) versus polymer concentration

for the BPAM/NaAMPS-5 terpolymer in NaCIand CaCI2.

t 86



i

=J ooooo 0.5 M NaCI O
aaaaa 0.I M NaCl
=A,_A= 0.05 M NaCI
000000.01 M NoCI

1000 _. ***** 0.17 M CaCl= 0T-

s. O
4-

a
,._ =-

_ 0
% 100n.

a-
T- 0 A

6. Q
4.

0
3.

=. o ¢r

10 ........ ,...........1' ' I...................' .......( ' ..... I "
0.( PO 0.04 0.08 O.i 2 O.16 0.20

Concentration (g/dL)
Figure 4-9. Reduced Viscosity (Tired) versus polymer concentration

fortheBPAM/NaAMBA-5 terpolym_rinNaCl and CaCI2.

87



ooo0o BPAM/.NoAMB--5
ooooo BPAM/.NoAMPS-5
===,=A,BPAM/NoA-5

1000 0.01 M NaCI
II
7

t:l.O 'i

o

_" 100 o

0
0

0 0
&

0

A A

)0 1.00 2.00 .0 4.00 5.00 6.()0 7.00 8.00

 rea (g)
Figure 4-10. ReducedViscosity (_red)versus urea concentration

for the low charge density terpolymers in 0.01M NaCI.
Polymer concentration 0.1g/alL.

88



1100WayneAvenue,Suite 1100'_ Sliver S3r_g58Ma8r_21_d20910

"-

0__ BY _PPLIED _





60.00 '

ooooo BPAM/.NoAMB-5
( A_,,,,ABPAM/.NoAMPS- 5

,.A._,_BPAM/NoA
50.00- 0.5 M NoCl

- O

"_40.00 -

"cl
v

30.00 "
"CI o
(1) ._ A

,._20.00 - * A
z_

10.00 -

0.00 .... I ' I i I ' I I ' I .... I I i I i I i
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.()0

Urea (M)

Figure 4-11. Reduced Viscosity 01red) versus urea concentration
for the low charge density terpolymers in 0.5M NaC1.
Polymer concentration 0.1g/dL.

89



CHAPTER FIVE: SYNTHESIS AND SOLUTION PROPERTIES OF ASSOCIATIVE
ACRYLAMIDO COPOLYMERS WITH PYRENESULFONAMIDE FLUORESCENCE

LABELS

Pyrenesulfonamide-labeUod model associative polymers have been prepared via the
copolymerization of acrylamide with 0.5 mole % [1- [3-aminoethyl)sulfonamido-1-
pyrene]acrylamide. Synthesis of this monomer and details of copolymerization with
acrylamide via surfactant and solution copolymerization te,chniques are described. The
microheterogeneous surfactant technique yields a copolymer which exhibits intermoleculac
associative behavior in aqueous media as demonstrated by rheological and steady state
fluorescence studies. Conversely,classicallight scattering studies indicate the compact nature
of copolymer preparedby thehomogeneous solution technique. Intramolecular bydrophobic
associatives, indicated by a low second virial coefficient and a small hydrodynamic volume,
dominate rheological behavior.

Introduction

Microheterogeneousphaseseparationinhydrophobically-modifiedwater-soluble
copolymcrscanbeachievedbyappropriatestructuraltailoringyieldingsystemswithunique
theologicalcharacteristics.Among suchmaterialsarerheologymodifiersknown as
"associativethickeners"whichdemonstratesignificantincreasesinviscosityabove"thecritical

overlapconcentration,C .I.Forexample,thecopolymerofacrylamidecontaining0.75mole
percentofn-decylacrylamidepreparedundersuitableconditions2exhibitsa sAteen-fold
increaseinapparentviscosity(Figure1)asthecopolymerconcentrationincreasesfrom0.05

to 0.20g/dl.Homopolyacrylamide,by comparison,preparedunderthesamereaction
conditionsshowsonlyagradualincreaseinviscositywithconcentration.

Althoughassociativethickenersbasedonhydrophobicmodificationofanumberof
polymertypesincludingpolyacrylamides,cellulosics,polyethers,etchavebeenreported,the
mechanism(s)responsiblefortheirrhcologicalbehavior(s)haveyettobefullyelucidated.
Thelowconcentrationof"hydrophobes"andthenatureoftheinteractionsprecludestudyby
traditionalspectroscopictechniquessuchasIR orNMR due toinsufficientresolution.
Photophysicaltechniqueswithappropriatelylabelledcopolymers,however,havebeenused
byourgroupandothers3.,tostudysuchsystems.

In this paper we report synthesis and solution properties of copolymers of acrylamide
with [(1-B-aminoethyl)sulfonamido-l-pyrene]acrylamide. The pyrene sulfonamide
comonomer serves in two capacities in this study; it provides a fluorescence label for
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photophysical measurements and it serves as the hydrophobic monomer. Under selected
reaction conditions discussed herein associative properties are observed. The subsequent
paper in this series details photophysical evidence for the associations.

Experimental
A

Materials

Acrylamide (AM) was recrystallized from acetone three times and vacuum-dried at
room temperature prior to use. Pyrene was purified by flash chromatography 5 (silica gel
packing, CH2C12eluen0. N,N-Dimethylformamide (DMF) was allowed to stand overnight
over 4 ,_ molecular sieves and was then distilled at reduced pressure. H20 was deionized and
had a conductance less than lxl0 7 mho/cm. Other starting materials were purchased
commercially and used as received. Solvents were reagent-grade, unless otherwise noted.

Monomer and Model Comnound Synthesis

[1-( B-Aminoethyl)sulfonamido-l-pyrene lacrylamide [5] and Its Precursors
(Schemes 1 and 2)
Sodium(1-pyrenesulfonate) (7). A literature method 6 was modified for the preparation of
sodium(1-pyrenesulfonate) (Scheme 1). Pyrene [1] (47.60 g, 0.235 tool) was dissolved in 300
ml CH2CI2. Chlorosulfonic acid (16 ml, 0.24 mol) dissolved in 50 ml CH2CI2 was added
dropwise to the pyrene solution with brisk stirring, at 0°C, under a steady N2 stream. The
reaction progress was followed by thin layer chromatography (TLC) (CH3OH eluent); 1-
pyrenesulfonic acid appears at R_= 0 (Rf= distance traveled by substrance divided by dis_t.e
traveled by solvent front) while pyrene has a higher Rf value. The resulting dark green
solution was poured (with extreme caution) into 500 ml of ice and stirred, allowing the
CH2C12to evaporate over a two-day period. This solution was filtered twice through celite
to remove particulates; each time the celite pads were washed with 150 ml H20. NaOH (10.0
g, 0.25 mol) was added as an aqueous solution. Aqueous NaCI (500 mL) was also added.
The yellow sodium salt 6 was precipitated via slow solvent evaporation. Filtered and
vacuum-dried at 65°C. Elemental analysis of this product indicated that this product was a
dihydrate and contained residual NaOH. This product was used successfully in the
subsequent reaction without further purification. Yield: 51.0 g (71%). Anal. Calc,l. for
C_I_3OsSNa: C, 56.46; H, 3.85; S, 9.42; Na, 6.76. Found: C, 55.64; H, 3.15; S, 9.33; Na,
8.71. IR: 3100-3700 (OH stretch due to H20); 3045 (aromatic CH stretch); 1194 and 1060
(asymmetric and symmetric S=O stretch). _3CNMR (DMSO-d6): 123.72, 124.82, 125.34,
126.26, 126.74, 126.80, 126.88, 127.29, 127.69, 130.11, 130.71, 131.29, 141.81 (all
aromatic resonances).

1-Pyrenesulfonylchloride (8 !.
A hydrochloric acid solution in diethyl ether, 30 ml (3 x 10.2 mol) was added to a

slurry of (9.1 g, 3 x 10_ rnol) in DMF (200 ml) to generate the sulfonic acid. Thionyl chloride
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(22 ml, 0.18 mol) was then added dropwise. TLC with 3:1 CH2C12:acetone eluent showed
the disappearance of the starting material (Rt = 0) and the appearance of 8 (Rt = 0.6). Stirring
was continued for 3 hrs., then the solution was poured into 400 mL ice. The orange-yeUow
precipitate was filtered a_d washed with 500 ml H20. This material was air-dried overnight
on the filter, then vacuum-dried for 18 hr. at I(;O°C. Yield: 7.7 g (85 %). m.p. 172°C. Anal.
Calcd. for C_9SO2C1: C, 63.89; H, 3.00; S, 10.'57; CI, 11.78. Found: C, 63.85; H, 3.09; S,
10.61; CI, 11.59. IR: 3107, 3145 (aromatic Clt stretch); 1590 (S-C1 stretch); 1361, 1173
(asymmetric and symmetric S=O). I_CNMR (12MSO-d6): 123.79, 123.90, 124.34, 124.93,
125.52, 126.40, 126.73, 126.99, 127.36, 127.91, 130.19, 130.78, 131.52, 141.55 (all
aromatic resonances).

N-( l-Pyrenesulfonv! )ethylenediamine.hydrochloride (9).
A modification of a literature procedure for the reaction of acid chlorides with

symmetrical diamines 7,via a high-dilution technique (Scheme 1), was used for the synthesis
of 9. Ethylenediamine (10.0 ml, 0.15 mol) was added to 1 L CH2CI2 and stirred rapidly at
0°C under a N2 blanket. 8 (3.0 g, 1.0 x 10.2 tool) was dissolved in 1 L CH2C12and added
dropwise to the stirred diamine solution. After addition was completed (about 2 hr.), the
CH2C12layer was extracted with 2 x 3 L H20 and 1 x 2 L 5% NaC1. The CH2C12layer was
slowly filtered through a pad of MgSO4, then treated with 15 ml of 1.0 N HCI dissolved in
diethyl ether. The resulting f'me pale-yellow precipitate was vacuum-dried at room
.-mperature. TLC of this material (3:1 CH2C12: acetone eluent) exhibited only one
component at Rf = 0. HPLC purity was determined to be > 99.9 %. Anal Calcd. for
C_sH_TSO2N_CI:C, 59.92; H, 4.72; N, 7.77; S, 8.89; C1, 9.83. Found: C, 59.92; H, 4.59; N,
7.57; S, 8.64; CI, 9.81. IR: 2800-3600 (NH3CI stretch); 3318 (H-N-SO2- stretch); 3028
(aromatic CH stretch); 2912 (aliphatic CH stretch); 1325, 1159 (asymmetric and symmetric
S=O); 1085 (S-N stretch). _3C NMR 03MSO-d_): 38.61, 39.87 (ethylene resonances);
123.06, 123.28, 124.15, 126.77, 126.96, 129.63, 129.96, 130.40, 131.60, 134.05 (aromatic
resonances).

The free amine of 9 was prepared via addition of a concentrated aqueous solution of
a molar equivalent of NaOH to 9 dissolved in the minimum amount of DMF, After brief
stirring, the solution was poured into H:O which precipitated 9 in the free amine form,
designated here as 10. This yellow solid was washed with H20, then vacuum-dfie_i at room
temperature. A downfield shift of the ethylene resonances was observed in the _3CNMR
spectrum, confirming the formation of the free amine 8. _3CNMR (DMSO-d6): 42.62, 46.03
(ethylene resonances); 123.20, 123.46, 124.17, 126.77, 126.96, 129.70, 129.87, 130.53,
131.60, 134.05 (aromatic resonances).

1_l-( fl-Aminoethyl)sulfonamido-l-oyrene:lacrylamide (5).
Synthesis of 5 is depicted in Scheme 2. The amine hydrochloride salt 9 (1.0 g, 2.8 x

10.3mol) and [1,8-bis-(dimethylamino) napthalene] (1.19 g, 5.6 x 10.3mol) were stirred with
7 ml DMF under a nitrogen stream for 15 minutes at 0°C. Acryloyl chloride (2.2 ml, 2.8x10 "2
mol) in 7 ml DMF was then added dropwise to the amine solution. TLC (acetone eluent) was
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used to follow the depletion of starting amine (Rf = 0) and the generation of product (Rf =
0.70). After the addition was complete, the reaction mixture was poured into 150 mL ice.
The product precipitated overnight as a yellow solid which was subsequently filtered and
vacuum-dried at room temperature. Yield: 0.90 g (88 %). Product recrystaUization was
performed by dissolution of 0.9 g 5 in 300 ml boiling CH2C12,decolorization with Norit RB
1 0.6 charcoal pellets, and filtration through a celite pad. Pale green crystals were recovered
in 69 % yield. Purity of this material was determined to be > 99.9 % via HPLC. Anal.
Calcd. for C2_H_sSO3N2:C, 66.61%; H, 4.76; S, 8.47; N, 7.41. Found: C, 66.83; H, 5.00;
S, 8.48; N, 7.49. IR: 3050-3600 (N-H stretch); 3370, 3289 (H-N-SO2 stretch); 3084
(aromatic CH stretch); 2938, 2864 (aliphatic CH stretch); 1659, 1540 (amide I and II bands);
1312, 1159 (S=O asymmetric and symmetric stretch). _3CNMR (DMSO-d6): 38.77; 41.95
(ethylene carbons); 127.14, 129.58 (vinylic carbons); 123.09, 123,32, 124.07, 124.27, 125.02,
126.63, 126.79, 126.86, 129.44, 129.73, 130.36, 131.44, 132.23, 133.88 (aromatic carbons);
164.84 (acrylamido ketone carbon).

Pvrenesuffonamide Model Compounds

[1-( fl-Aminoethyl)sMfonamido-l-pyrenel2.4-dimethylglutaric acid (3)
Synthesis of 3 required first the preparation of 2,4-dimethylglutaric anhydride,

followed by amination with 10 (Scheme 3).

2.4-Dimethy _ lutaric anhydri,_.(JJZ.
2,4-Dimethylglutaric acid (2.0 g) was added to 5 ml acetic anhydride. Vacuum

distillation of this solution at 90°C gave acetic anhydride as the first fraction. The anhydride
product 11 then distilled over as a clear liquid which cooled to form a hygroscopic, hard white
solid. Although an IR of this product showed the presence of some diacid (O-H stretch
2500-3500 cml; C=O stretch due to diacid at 1698 cm't), this material was successfully used
in subsequent reactions without purification. Yield: 1.1 g (62 %). IR: 3500-2500 (OH
stretch due to acid), 1794, 1752 (asymmetrical and symmetrical anhydride ketone stretching
modes); 1698, 1459 (acid ketone stretching modes).

Synthesis of 3. (Scheme 3)
The amine sulfonamide 10 (0.75 g, 2.31 x 10.3mol) was dissolved in 6 ml DMF. This

solution was added dropwise to 11 (0.41 g, 2.54 x 10.3mol) dissolved in 2 ml DMF under N 2
at 0°C. The reactant mixture was stirred for 5 hr. then poured into 50 ml saturated NaC1
solution, which was acidified (HC1). A yellow oil immediately formed. The H20 was
decanted and the product dissolved in 30 ml CH2CI2. Extraction of this solution with 50 ml
H20 precipitated the product as a pale green solid. TLC (CH3OH eluent) gave a Rt
= 0.82 for the product; traces of impurities near Rf = 0 were also present. Purification of 3
was performed via dissolution of 0.61 g in DMF, followed by flash chromatography on 250
ml silica gel, with CH3OH as the eluent. This procedure was tedious since the product was
very slow to elute. Vacu:amsolvent removal from the pure fractions gave about 0.2 g (33 %)
yield of a pale yellow-green product. HPLC purity of this material was determined to be >
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99.9 %. Anal. Calcd: C, 64.35; H, 5.63; N, 6.01; S, 6.87. Found: C, 64.20; H. 5.69; N, 5.94;
S, 6.73. IR: 3500-2500 (acid OH stretch); 3378, 3284 (H:._-SO2 stretching); 1737
(asymmetric C=O stretch of the acid residue); 1684 (amide I); 1549 (amide II); 1302, 1167
(asymmetric and symmetric S=O stretch). 13CNMR (DMSO-d_): 20.37, 21.13, 21.56
(aliphatic resonances of the glutaric residue); 42.84, 45.30 (aliphatic resonances of the
ethylenediamine residue); 126.94, 127.92, 130.63, 133.23, 135.99, 137.62 (aromatic
resonances); 179.01,180.80 (ketone resonances of the glutaric residue).

[1-( B-Aminoethyl)sulfonamido-1 -oyrene]gluconamide heatahydrate (4)
Synthesis of 4 is depicted in Scheme 5. The free amine of 10 (0.44 g; 1.36 x 10.3mol)

was added to 6-gluconolactone (0.30 g; 1.68 x 10.3tool) in 2 ml of CH3OH. A clear green
solution was obtained upon heating; a reflux was maintained for 18 hours. Compound 4
precipitated from solution as a yellow-green solid. After filtration and washing with CH3OH,
4 was vacuum-dried overnight at room temperature. HPLC purity of this compound was
determined to be 99.9%. Elemental analysis determined 4 to be a heptahydrate. Yield: 0.31

g (45 %). m.p: 171-173°C. Anal. Calcd. (heptahydrate): C, 46.67; H, 4.90; N, 4.53; S, 5.19.
Found: C, 46.16; H, 4.55; N, 4.24; S, 5.31. IR: 3600-3000 (OH stretch), 3379 (H_-SO2
stretch); 1657 (amide I); 1533 (amide II); 1419 (C-N stretch); 1307, 1161 (asymmetric and
symmetric S=O). 13CNMR (DMSO-d6): 38.24, 41.20 (ethylene resonances); 63.27 (1' C-
OH); 69.89, 71.44, 72.25, 7%45 (2' C-OH); 123.17, 123.35, 124.22, 126.65, 126.81,127.09,
129.51,129.68, 129.62, 130.51,133.93 (aromatic resonances); 172.77 (amide ketone).

Synthesis of Pyrenesulfonamide-Labelled Polymers

Poly[[1-( B-Aminoethyl)sulfonamido- 1-pyrene !acrylamide-co-acrylamide 1 (1_. Su__actant
Polymerization Techniaue.

" The general me'thod of Turner et al., was employed (Scheme 4) 9. Monomer feed
ratio in this copolymerization was 99.50 mol % AM: 0.50 mol % 5. The polymerization was
performed by adding 7.38 g (0.1048 mol) AM, 7.92 g (2.74 x 10.2 mol) sodium dodecyl
sulfate, 0.20 g (5.29 x 10"4 mol) 5, and 235 g H20 to a 500 ml flask equipped with
mechanical stirrer, nitrogen inlet, condenser, bubbler, and heating bath. This mixture was
heated to 50°C under a nitrogen purge. Stirring rate was maintained at approximately 60
rpm. All of the monomer 5 had dissolved after 15 minutes; polymerization was then
initiated via syringe addition of 9.25 x 10.6 mol K2S208, as a deaerated solution in 2 ml of
H20. Polymerization was allowed to continue at 50°C for 12 hours, after which time the
polymer was recovered via precipitation into acetone. Purification was accomplished by
redissolving the polymer in H20 and dialyzing against H20 using 12,000-14,000 molecular
weight cutoff dialysis tubing. This polymer was recovered by freeze-drying. Conversion was
22%.

Poly[[1-( B-Aminoethyl)sulfonamido-l-pyrene]acrylamide-co-acrylamide] (2).
Solution Polymerization Technique.
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Monomer feed ratios, quantities, and equipment in this preparation (Scheme 5) were
the same as in the previous procedure. Comonomers were dissolved in a mixture of 130 ml
DMF and I00 ml 1-120, Three freeze-pump-thaw cycles were performed to remove residual
oxygen. Initiation procedure was as described for the surfactant polymerization. In this case,
polymer precipitated from solution as the polymerization continued (12 hr.). Pouring
the suspension into acetone allowed recovery of the polymer product. Purification
procedures were as described for the surfactant polymerization. Conversion was 21%. UV
analysis determined 2 to contain 0.35 mol % 5 (70 % incorporation).

Characterizational Methods--Pvrenesulfonamide Derivatives

13CNMR spectra were recorded with a Bruker AC-300 instrument. Most samples
were dissolved in DMSO-d6; chemical shift assignments are relative to the central DMSO
peak (13C - 39.50 ppm). UV-VIS spectra were recorded with a Perkin-Elmer Larnbda 6
Spectrophotometer. A Mattson Model 2020 FTIR was used to obtain infrared spectra.

Sample purity was determined in most cases by both TLC and high performance liquid
chromatography (HPLC). TLC was performed on Merck Kieselgel 60 silica gel plates.
Developed plates were generally viewed under 254 nm light for napthalene derivatives and
325 nm for pyrene derivatives. HPLC was performed on a Hewlett-Packard Model 1050
system equipped with a photodiode-array detector. A Waters I.t-Bondapak C18 column was
employed with methanol as the mobile phase. Sample effluent was typically monitored
at 220 nm for napthalene derivatives or 350 nm. Alternately, multiple wavelengths were
monitored---depending on the nature of suspected impurities.

Solution Preparation.
Polymer stock solutions were prepared in H20 or 2 % (w/w) NaCI at ca. 200 mg/dl.

Several weeks of constant mechanical shaking were required for complete solubilization.
Solutions were filtered through an 8 I.tmfilter; a peristaltic pump was employed to pump the
solution at a low flow rate. Polymer and fluorphore concentrations of stock solutions are
shown in Table I.

Cooolvmer Comoosition
v

Copolymer composition was determined by UV analysis of the aqueous copolymer
solutions. The pyrenesulfonamide chromophore was determined to have e = 24120 M"1cm_.

Rheol0gical Stodies

Viscosity measurements were performed on solutions ranging from 20-200 mg/dl in
concentration. Measurements were recorded with a Contraves Low-Shear 30 Rheometer at
25°C and a shear rate of 6.0 s1.
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Classical LightSeatterino

Classical light scatte_lg measurements were.performed on a Chromatix KMX-6
instrument. A 1.2 larnfilter was used in the filter loop. Measurementswere made at 25"C.
dn/dc measurements were taken on a ChromatixKMX-16 differential refractometer alsoat
25°C.

ResultsandDiscussion

The synthetic objective of this work was to preparea pyrene-containing monomer
which could be copolymerized with acrylamide to yield a copolymer with associative
thickening behavior, Ourconcept_¢asto utilize a hydrolyticallystable monomerwith both
the necessaryhydrophobiccharacteristicsand photophysicalresponse. Although fluorescence
probes and labels have been used to study organization, we know of no other reports
utilizing the fluorescence label as the sole hydrophobicmoiety for domain-formation.

The monomer[1-(13-aminoethyl)sulfonamide-l-pyrene]acrylamide5 proved to have
the necessary properties to achieve our synthetic objective. This monomer was initially
synthesizedby Winnik's groupt°and subsequentlysynthetic procedures modified and scaled
up to provide a highly purified monomer suitable for photophysical studies.

Severalfeaturesof 5 shouldbe noted. The acrylamido functionality of the monomer
allowsrapidcopolymerization with the ac':ylamidemonomers. Monomers of this type have
large ratios of (1%2/k0a where kpand lq represent the rate constants for propagation and
termination in free radical polymerization. The amide and sulfonamide linkages are
hydroliticaUy stable in aqueous media and thus protect the integrity of the label during
photophysical analysis. The monomer 5 has no benzylic hydrogens for chain transfer as do
most pyrenelabelsreported in the literature. The spacer length (in this case ethylene) can be
altered in the syntheticprocedureto decouplethe pyrenefrom the polymer backbone. Finally
the pyrenesulfonamidechromophorehas a highmolar absorptivity value and a high quantum
yield of fluorescence_.

The synthesis of 5 deserves some comment. The fast synthetic step (Scheme 1),
chlorosulfonation of pyrene, proceeded smoothly. Product 7, sodium-l-pyrenesulfonate,
containeda smallamountof NaOHbut wasused without furtherpurification. The compound
was isolatedas a dihydrate; similarcompounds have been reported to exist as hydrates--for
example 1-pyrenesulfonicacid_t. Transformation to pyrene sulfonylchloride 8 was also
facile.

Reaction of 8 with ethylenediamineto give N-(1-pyrenesulfonyl)ethylenediamine
hydrochloride9 was problematic. Initial attempts, despite dilute reaction conditions, led to

96



productionof significantamountsof theethylenediaminebis(sulfonamide)which wasdifficult
to separate from 9. Apparently, the reaction is diffusion-controlled. Reaction of 8 with
ethylenediamineis quite rapid and ff the desired monosulfonamideproduct 10 encounters
another molecule of 8, the sequential reactionwill occur.

Recent literature has addressed control of such reactions. Monoacylation of
symmetricaldiaminescan be achievedby a "high-dilution"techniqueTM. Therefore very dilute
solutionof 8 was added dropwise to a solutionof excess ethylenediamine with rapid mixing
to reduce the disubstitution reaction. A pure product was obtained by extraction in
methylenechloride and conversion to the aminehydrochloride 9 by addition of HCL in
diethylether.

Reaction of 9 with acryloyl chloride (Scheme 2) was facilitated by using two
equivalentsof theacid scavenger 1,8-bis(dimethylamino)naphthalene.This base is sterically
hindered_4and will not deprotonate the sulfonamide proton 5. The sulfonamide proton of 5
is acidic; triethylamineand other bases deprotonate 5 to give the sulfonamide salt, which is
nonfluorescent. The pyrenesulfonamide monomer 5 was recrystaUizedfrom methylene
chloride. HPLC analysis utilizing dual ultraviolet detection at 330 nm and 220 nm
indicated sample puritygreater than 99.9%.

In additionto the desiredsamplepurity,monomer5 is solublein aprotic solvents such
as dimethylformamideand dimethylacetamide. It is insoluble in water but, importantly, is
readilysolubilizedby sodium dodecylsulfatemicelles.

Model compounds 3 [1-(13-amidoetl'yl)sulfonamido-1-pyrene]2,4-dimethylglutaric
acid and 4 [1-(15-aminoethyl)sulfonamido-l-pyrene] gluconamide heptahydrate were
synthesizedas water-solublespeciesbearing thepyrenesulfonamidemoiety for modelstudies
(Scheme3). Neither3 nor 4 has been previouslyreported. Structural and purityevaluation
of both weresatisfactory. Interestingly,despite extended drying, 3 remained a heptahydrate.
Other hydrophobic glueonamides have also been reported to have highly hydrated
structures_5.

Synthesisof Model Polymers

Two synthetic methods were chosen to prepare copolymers with approximately 0.5
mole percent of 5 but different microstructures. In the f'trst procedure, often called the
"micellartechnique", 99.5 mole % of acrylamideand 0.5 mole % of 5 were copolymerized
in aqueous solution in the presence of sodium dodecyl sulfate at concentrations well above
its criticalmicelleconcentration (Scheme 4). Potassium persulfate was used as the initiator.

Concurrent studies in our laboratories with phenyl and naphthyl chromophore-
containing monomers have shown that in this microheterogeneous procedure the
surfactant/hydrophobicmonomerratio is important in dictating finalrheological propertiest6.
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Thesefindingsare consistentwith a proposedmechanism of successive chain propagation of
hydrophobicmonomerspresent in the separate SDS micelles and solutionpolymerization of
acrylarnideresultingin shortruns of the comonomer randomly distributed along the polymer
backbone. The importance of this distribution will be addressed later in this report.

In a second synthetic procedure (Scheme5) the two monomers in the same molar
ratios were copolymerized under homogeneous reaction conditions in a DMF/H20 mixture
again with potassium persulfate initiation. This polymerization might be expected to occur
in a more random fashion than the miceUarpolymerization with monomers of 5 randomly
distributed along the backbone.

C%oolvmerCharacterization

The micellar copolymer 1 was purified by successive precipitation into acetone,
redissolution into water, dialysis performed to remove surfactant and freeze dried.
Verificationofremoval of SDS was obtainedusing BaCI_reagent. Copolymer 2 precipitated
as a suspension during polymerizationand was purified by sequential addition to acetone,
filtration, redissolution into water, and lipholization.

Copolymer compositions were determined by ultraviolet spectroscopic analysis in
waterof the pyrenesulfonamide chromophore at 35/nm (e = 24, 120M "t cm't). Copolymer
1was found to contain 0.25 mole% $ (50% incorporation)whilecopolymer 2 contained 0.35
mole % (70% incorporation). F,'uorescence studies which include characterization of
microstmcture of copolymers 1 and 2 are reported in Chapter Six.

Rheol0gical Studies

Rheological studies were performed on diluted stock solutions (Table I). The
copolymer 1 prepared by the micellar technique, like many other associative copolymers
synthesized previously in our labs, required several weeks with continuous shaking for
complete dissolution. A contraves Low-Shear 30 Rheometer operating at 6s_ was utilized
for viscometric studies.

Equations 1 (the Hugginsequation) and 2 (the "Modified Einstein-Simha" equation)
are often utilized to study polymer solution viscosity behavior as a function of polymer
concentration, C..

_._=[11]+ k'[rl]2C (I)

rl_a= I+ [_]C (2)
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The utilityofthe Hugginsequation(1) is well recognizedforsolvatedpolymers;alternately,
Equation(2)_ _n proposedforthe analysisof polymerswhich behaveas suspensionsin
solution_5. Plots of relativeviscosity versus concentrationfor 2, the solution-polyme_d
system,areillustratedin Figure2 in deionizedH20 and 2%NaCI.The linearityof the data
andaninterceptvalue of one suggestthat thispolymerbehavesas a suspensionin solution.
Thehigherordertermsof theHuggmsequation,whichaccountforinterpolymerinteractions,
appearto be unimportanthere. Hugginsplotsof these data inwaterand NaCIaregiven in
Figure3. Thereducedviscosityis insensitiveto polymerconcentration(withinexperimental
error),giving a value of zero forthe Hugginsconstant,k'.

These data and fluorescence data to be presented later suggest the presence of
intramolecularhydrophobieassociationsof the pyrenesulfonamidelabel. Such associations
couldresultin compactionof the polymercoil, giving the observed suspension-likebehavior.
Classicallightscatteringwasperformed on copolymer 2 in DI H20 indicating Mw= 1.6x10s
with thesecond virial coefficient, A2,equal to 0.

Structure I is a representative sampleof copolymers of 5 with AM preparedby the
mieeilar polymerizationtechnique. Relative viscosityprofiles axeillustrated in Figure 4 for
deionized water and NaCIsolutions. At low concentrations (< 0.10 g/dl) intermolecular
association is apparent. Increased ionic strength (2 % NaC1)contracts the polymer coil
yielding a lower viscosity. The low C* value likely representsthe onset of intermolecular
hydrophobicassociationsof the hydrophobic pyrenesulfonamidemoieties. By comparison,
a homopolymer of acrylamideexhibits linear viscositybehavior through this concentration
range. Attempts at Huggins plots for 1 are given in Figure 5. The nonlinearityof these
profilesindicates the fast two terms of the Hugginsequation are insufficient to model these
data. Such a nonlinear response is strong evidence for intermolecular associative behavior.
_t should also be noted that the associative tendencies at copolymer 1 in solution preclude
analysisby light scattering.

Our objectives in the synthesis and study of model associative polymers first
necessitated the synthesis of a fluorophore-containing hydrophobic monomer and model
compounds. These materials were purified to a degree appropriate for polymerization and
subsequent photophysical studies. The hydrolyticaUystable, pyrenesulfonamide-labelled
monomers were readily copolymerizable with acrylamide via homogeneous (solution) and
heterogeneous (micellar) polymerization techniques. Labelled copolymers prepared by the
two procedureshavesignificantlydifferentrheologicalbehaviors. The surfactant polymerized
copolymer 1 in aqueous media exhibited a low critical overlap concentration--typical of
associativethickenerbehavior. Conversely, thesolution copolymerization yieldscopolymer
2 whichis moresphericalin nature. The Hugginsprofileof this polymer in aqueous solutions
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haszeroslopedemonstratinga compactconformation.Light-scatteringanalysisofthis
polymerin H20 gives a secondvirialcoe_nt valueof zero. Photophysicalanalysis of these
systemshas been conductedand is reportedin thenext paperin thisseries.
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Table I

Stock Solutions of Labelled Polymers
-- ii i ,, i i i i ,, i ,,, ii

Polymer Conc. Fluorophore Conc.
Polymer # (mg/dl) (tool/l)

29 218 7.13 x 10.5

33 193 9.28 x 10.5
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Figure 5-1. mustration of Associative Behavior of Polyacrylamide Modified with
0.75 Mole % N-Decylacrylamide via Surfa_t Polymerization.
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Figure 5-2. Relative Viscosity for Copolymer2 in H=O(A)and in NaCI (O)
Solution.
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Figure 5-3. Reduced Viscosity vs. Concentration for Copolymer 2 in H#O (A) and in
NaCI (O).
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Figure 5-4. Relative Viscosity for Copolymer I in HsO (A) and in NaCI (@) and for
Acrylamide Homopolymer in H20 (E]).
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Figure 6-6. Reduced Viscosity vs.Polymer Concentration for Copolymer I in
H=O (A) and in NaOl (0).
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CHAPTER SIX: PHOTOP_SICAL STUDIES OF THE SOLUTION BEHAVIOR OF
ASSOCIATIVE PYRENESULFONAMIDE-LABELLED POLYACR_IDES

ihatr

Photophysical studies were conducted on copolymers of acrylamide containing
less than 0.5 mole% of [1-_-aminoethyl sulfonamido-l-pyrene]acrylamide in order to
relate aqueous solution behavior to molecular structure. The copolymer prepared via
a surfactant technique was shown to possess some inherent blockiness or short runs
of the pyrenesulfonamide label in dilute solution. Intermolecular associations were
observed above a critical concentration of polymer. Iz/IMvalues from steady state
fluorescence paralleled the theological response as a function of concentration. The
copolymer prepared by solution polymerization showed random incorporation of the
pyrenesulfonamide comonomer and no intermolecular association tendency over the
concentration range studied. The pyrenesulfonamide labels were shown to form
ground state aggregates within relatively accessible hydrophilic envil _nments in both
polymers. Associative thickening behavior observed in the surfactant-polymerized
copolymer is consistent with microphase organization of hydrophobic
pyrenesulfonamide aggregates above a critical concentration. Fluorescence quenching
has been used to probe the micorenvironment around the label.

Introduction

Polymer solution behavior of polyelectrolytes has previously been elucidated via
photophysical studies of pyrene-labe|!_d water-soluble polymers including
polyelectrolytes 1"5,poly(ethylene oxide) e, (hydroxypropyl) cellulose m'11and poly_N-
isopropylacrylamide) 1_. Particularly relevant work includes that of Winnik et al '7"1°
who studied pyrene-labelled hyroxypropyl(celluloses) which serve as model associative
thickeners. Photophysical analysis demonstrated the aggregation of neutral
hydrophobic polymers in aqueous media 7"1°and the interaction with surfactants l_ at
the molecular level. Frank et al. e investigating the pyrene end-labelled poly(ethylene
glycol) in aqueous media, showed the associative behavior at the molecular level via
the photophysical response of the pyrene label. Molecular aspects of poly(ethylene
glycol):poly(methyl methacrylate) polymer complexation have also been reported _8"_5.

in this study, we have employed photophysical techniques and model compounds
to analyze the molecular solution behavior of previously reported pyrensulfonamide-
labelled polyacrylamides which display associative behavior in aqueous media s5
(Scheme 1). Copolymer 1 was synthesized by a surfactant or "micellar" technique,
copolymer 2 in homogeneous solution using a cosolvent. Our goal is to correlate
molecular solution behavior with macroscopic solution viscosity response in order to
develop overall structure-property relationships for associative water-soluble polymers.
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Exnerimental

Deionized water (DI Hs0) used in these studies had a conductance less than
"_ " " "in' mlx10 "7mho/cm, t_e_ylpyrla m chloride was recrystallized from methanol/diethyl

ether. Nitromethane was distilled at atmospheric pressure. Other starting materials
were purchased commercially and used as received.

Labelled Polvrner_odel Compouncl_ (Scheme 1)

The syntheses of pyrenesuifonamide-labeiled copolymers I and 2 and model
compounds, 3 and 4 are described in Chapter 5ss. Labelled copolymer i and prepared
via a surfactant copolymerization technique, and contains 0.25 tool% of a
pyrenesulfonamid.e label. Copolymer 2 was synthesized via a solution
copolymerization technique and contains 0.35 tool% of the pyrenesulfonamide label.

Synthesis of the Fluorescence,Quencher N.methylpyridiniunl chloride

The method of Nakaro et al. Is was modified. The basic procedure involves
h 'synt esls of N-methylpyridinium iodide with subsequent ion-exchange to give N-

methylpyridinium chloride.

N.Methylpyridiunium iodide
Anhydrous pyridine, (26 ml, 25 g, 0.32 tool), was added to diethyl ether (250 nil).

Methyl iodide (39 ml, 0.63 tool) in diethyl ether (50 ml) was added dropwise with
1 'stirring to the pyridine so ution. After the addition was completed, the addition funnel

was replaced with a condenser. Refluxing overnight resulted in a white solid
precipitate. N-methylpyridinium iodide is very hygroscopic, therefore purification was
accomplished by washing with multiple portions of diethyl ether under N2. The ether
washings were removed via a filter stick Iv which allowed a continuous inert
atmosphere to be maintained. Vacuum drying at room temperature overnight gave
a white solid, yield 53 g (76%).

N.Methylpyridinium chloride
N-methylpyridiunium iodide, (39 g, 16 mol), and silver chloride (35 g, 0.26 tool)

were added to water (50 rnl). This suspension was allowed to stir overnight in the dark
under a nitrogen blanket. Filtration removed the lime-green silver iodide; the filter
cake was washed with additional water (25 ml). To ensure completeness of exchange,
the aqueous solution was then passed through a column containing Bio-Rad AG 1-X8
ion-exchange resin (10 cc, quaterr_ary ammonium type, chloride form). The aqueous
effluent tested negative for iodide (persulfate test) and positive for chloride (silver
nitrate test). Freeze-drying of the aqueous solution produced a syrup which was
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furtherdehydratedviaazeotropicdistillationwithtoluene.The resultingoff-white
solidmass was extremelyhygroscopic;a nitrogenatmospherewas consistently
maintainedduringallmanipulations.Residualtoluenewas removedviaa filterstick.
Recrystallizationfromtheminimum amount ofboilinganhydrous1-propanolgaveN.
methylpyridiniumchlorideaswhitecrystals,whichwerewashedwithdiethylether
andvacuum-driedatroomtemperature.Allweighingsand transfersofthismaterial
asa solidwereperformedunderdrynitrogen;storagewas overphosphoruspentoxide.
Elementalanalysisof thiscompound indicatedthat 8.15% HsO was retained.
Recovery:18 g (88%). m.p.138-140°C(sealedtube).Anal.Caicd.forC,50.87;H,
6.99;Cl,25.03;N,9.88.Found: C,50.58;H, 6.77;Cl,24.66;N, 9.84.IsCNMR (DsO),
TMS insert):48.25(-CHs);128.04,145.07,145.30(aromaticresonances).IH NMR
(D20),TMS insert):3.68(-_Hs);7.33,7.80,8.07(aromaticC-H).

polymer Characterization.Genera!

SolutionPreparation
Polymerstocksolutionswerepreparedinwaterof2% (w/w)aqueoussodium

chlorideatca.200mg/dl.Severalweeksofconstantmechanicalshakingwere required
forcompletesolubilization.Stocksolutionswere filteredthroughan 8 pm filter;a
peristalticpump was employedtopump thesolutionata lowflowrate.Dilutionof
stock solutions was performed gravimetrically. Samples were allowed to equilibrate
for minimum of one week with constant mechanical shaking bcfore characterization.

Characterization
Characterization techniques (other than photophysical) are described in

Chapter 5aS.

Pyrenesulfonamide-LabeUed Polymers and Model Compounds: P]_o_physical
Characterization

Steady.State Fluorescence Studies
Steady-state emission studies were performed on a Spex Fluorolog-2

fluorescence spectrometer equipped with a DM3000F data system. All samples were
run in the front-face mode to avoid inner filter effects. Slit widths were varied from
0.5-2.5 nm, depending on sample concentration. Samples were deaerated by bubbling
with nitrogen for 25-30 rain. Particularly "foamy" samples were sparged by first
bubbling with helium, followed by argon. Excitation spectra were obtained via
excitation from 250 to 400 nm while monitoring the emission intensity at either 418
nm (monomer emission) or 510 nm (excimer emission). Wavelength-dependent
variations in lamp intensity were corrected by an instrumental correction function;
rhodamine B was the internal reference. Detector and emission grating variations
were also corrected via an internal function.
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Steady-State Fluorescence Quenching
Approximately 200 mg of sample solution were degassed in a septum-capped

fluorescence cuvette; a quencher solution was likewise degassed. The emission
spectrum was then recorded as described previously. Intensities of the (0,2) (monomer,
400 nm) band were recorded in the absence of quencher (Io). A microliter syringe was
used to deliver aliquots, generally 1-3 ttL, of the quencher solution to the sample. The
sample cuvette was shaken and the diminished values of fluorescence intensity were
recorded. A positive inert gas pressure was maintained in both the cuvette and
quencher vial in order to exclude oxygen.

Transient Fluw_scence Studies
A Photochemical Research Associates IPRA) single-photon counting instrument

equipped] with an H2-filled 510-B flashlamp was used to obtain fluorescence decay
curves. Fk:orescence decay times were fit from decay profiles using either a Digital
Micro PDP-i1 or an IBM-PC. In either case, PRA software was used which employs
a nonlinear iterative deconvolution technique to analyze decay curves.

Sample degt:ssing was as described previously. Pyrensulfonamide-labelled
materials were excited at 340 nm; decays were measured at 400 nm (monomer
emission), 519 (excimer emission). We have found it important to use a minimal time-
per-channel setting to avoid placement of counts in the lower time decades. An
appropriate setting for these materials is 0.1786 ns/channel for a range of 512
channels; 10 4 counts were generally taken in the maximum channel.

Transient Fluorescence Quenching Studies
Sample handling was as described for the steady-state quenching experiments,

except 400 mg of sample solution were employed. Excitation was at 340 nm;
fluorescence decay profiles were obtained of the 400 nm (monomer) band as a function
of quencher concentration.

Results and Discussion

Model Comuound Photouhvsics
-- -- v

To assist in analyzing the photophysical properties of synthetic copolymers 1
and 2 containing the pyrenesulfonamide monomer, we prepared water soluble model
compounds 3 and 4 with the pyrensulfonamide chromophore. The solubility of
compound 4 in water is limited to 3x10_ M despite the hydrophilic gluconamide group.
Likewise the solubility of 3 is 6xl0"SM at pH 7. At higher pH values the salt is more
soluble (lxl0"SM).

The UV absorption spectra of 3 and 4 in DI H_O are displayed in Figure 1 for
comparative purposes. These spectra are essentially identical as would be expected
since both possess the same chromophore. Steady-state fluorescence spectra of 3 and
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4 (Figure 2) were recorded upon excitation at 340 nm, over the range of 350-600 nm.
The three peak maxima characteristic of the monomer emission are 360 nm [0,0], 400
nm [0,2] and 418 nm [0,3]. In the concentration regime employed (10 .5 M), the
solutions are sufficiently dilute to preclude the formation of excimer. The fluorescence
spectrum of a concentrated (ca 10.2M) aqueous solution of the sodium salt of 3 is
shown in Figure 3. The structureless red-shifted emission centered at about 520 nm
can be assigned to excimer which forms at higher concentration levels. It should be
noted that the salt of 3 may have surfactant characteristics which contribute to
excimer formation.

The sulfonamideprotonofthepyrenesulfonamidegroupisacidic;sulfonamides
typicallyhavepI_ valuesrangingfrom10-12.The effectofpH ontheemissionwas
examinedbyrecordingfluorescencespectraof3 (6x 10"5M)atpH 10.6and 12.1.The
intensityofthespectrumatpH 12.1was onethirdofthatatpH 10.6.The specu'al
shapeswereidentical.The diminishedintensityofthespectrumacquiredathigher
pH islikelyduetoalackoffluorescencefromthesulfonamideanion.Use ofthislabel
asa fluorescenttagmust thereforebelimitedtomediaofpH < 10.

Polymer Absorvtion and Steady-State Emission Suectra

UP'Absorption Bpectrum
Figure 4 shows the UV absorption spectra of pyrensulfonamide-labelled

polymers I and 2 in DI H20. The absorption spectra above 220 nm are qualitatively
identical to those for the model compounds 3 and 4 in Figure 1. This is evidence that
thepyrenesulfonamidelabelhasmaintaineditsintegrityduringthepolymerization
process.However,the polymerabsorptionspectrain Figure4 are red-shii_ed
comparedtothoseofthemodelcompounds(Figure1).Comparisonof FiguresIand
4 revealsthatthepolymerabsorptionextendsto400 nm; themodel compounds,
however,failto absorbappreciablyat wavelengthslongerthan 390nm. The
significanceofthiseffectwillbefurtherdiscussedinalatersection.

Steady-State Emission
Steady-state emission spectra of surfactant_polymerized 1 and solution-

polymerized 2 are shown in Figure 5. Both labelled polymers display the three peaks
assigned to monomer emission, as shown for the model compounds in Figure 2.
Excimer emission, centered around 519 nm, is also observed for the labelled polymers.
Excimer emission is definitely a polymer-enhanced effect; since the content of the label
is 7 x 10_ M for copolymer I and 9 x 10.5M for copolymer 2. No excimer intensity was
observed for the model compounds in this concentration range (Figure 2).

Although 2 contains slightly more pyrenesulfonamide label (0.35 mole %for 2
and 0.25% mole % for 1), the excimer emission intensity of I is dramatically enhanced
relative to 2. A greater local concentration of the label therefore exists for I relative
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to 2, strongly suggesting that nticrostructural differences exist between these
polymers. We believe that copolymer 2, prepared in homogenous solution, has a more
random structure and surfactant-polymerized 1, which possesses a blocky
microstructure _. The rnicroheterogeneous surfactant produces partitioning of the
hydrophobic pyrenesulfonamide monomer within the micelle during copolymerization
allowing some degree ofbloclnness even a low feed composition. Clearly the number
of consecutive pyrensulfonamide label repeat units is determined to some extent by the
pyrenesulfonamide monomer label-to-surfactant ratio. Effects of surfactant
polymerization methods upon polymer nficrostructure have been noted elsewhere. In
separate studies, Peer TM, and Dowling and Thomas TM, investigated copolymers
synthesized from acrylamide and a hydrophobic comonomer by a surfactant
copolymerization technique. The rnicrostructures of these systems are also believed
to have blocky characteristics. The copolymers demonstrated either intra- or
intermolecular solution behavior TM, apparently depending upon the choice of
hydrophobic comonomer, polymerization conditions and other factors.

The concentration dependence of excimer-to-monomer ratios, I_4IM,for the two
copolymers is shown in Figure 6. The concentrations of the polymers were viewed over
a range of 103,from 2.0 x 104 gm/dl to 0.2 grn/dl. The concentration dependence of IE/Is
values are dramatically different. The Iz/IMvalues for 2, the polymer synthesized in
homogeneous solution, show only a small concentration dependence, signifying little
or no change in the pyrene environment and therefore in polymer conformation.
However, iz/I s values for 1, the polymer synthesized in the presence of surfactant,
increase dramatically at concentrations above ca. 0.1 grn/dl, indicating that the pyrene
groups are in an increasingly hydrophobic environment presumably caused by
increasing intermolecular associations.

The increases of Iz/IM values with polymer concentration (Figure 6) are
paralleled by changes in viscosity, a bulk or macroscopic property. In Figure 7, Iv/Is
and reduced viscosity of copolymer 1 are plotted as a function of concentration.
Viscosity and Iz/Is both increase dramatically above a criticial concentration, C"(ca.
0.1 gm/dl), providing strong evidence that intermolecular hydrophobic associations of
the pyrenesulfonamide labels are responsible. As concentration increases,
intermolecular hydrophobic association of the labels is facilitated. It has been
proposed that hydrophobic molecules can locate each other at distances greater than
100 angstroms due to the strong influence of water-structuring 2_22. This is reflected
on a molecular level by enhancement of Iz/IM values. On a macroscopic scale,
hydrophobic associations are indicated by a sharp increase in the viscosity profile at
C*. To our knowledge this represents the first associative thickener which relies on
a fluorescence label as the sole hydrophobic moiety. Also, the parallel response of Iv/Is
and rind vs concentration (Figure 7), along with previous litera:;ure studies allow
rational suggestions to be made on the mode of the micellar or surfacmnt
polymerization, as well as the nature of the aggregation responsible for the associative
thickening phenomenon.

116



Concentration dependencies of _a and IE/I M are shown in Figure 8 for copolymer
2 prepared in DMF/H20. The zero Huggins constant of the reduced viscosity vs
concentration curve suggests a compact polymer conformation that is independent of
polymer concentration. The I_./IMvalues confirm this premise. The microstructure of
this polymer - random label distribution - no doubt strongly influences the polymer
corformation. In water, the hydrophobic labels are compelled to aggregate by the
hydrophobic effect. The random interspacing of the hydrophobe along the polymer
backbone leads to compaction of the polymer coil due to intramolecular associations.
Such a compact structure is reflected in the viscosity profile of 2, as we have shown.

In order to further elucidate the nature of the hydrophobic associates, additional
studies were conducted. Excitation spectra for polymers I and 2 are shown in Figures
9 and 10, wherein emission was monitored at both monomer (419nm) and excimer
(510nm) wavelengths. In each case, the excitation spectrum of the excimer emission
is red-shifted by 4 nm from the monomer excitation spectrum. This suggests that
preformed, ground-state aggregates of the pyrenesulfonamide labels are the source of
excimer emission. The loss of vibrational structure is consistent with ground state
association.

Typically, in polym¢ir systems, excimer emission results from chromophores
which encounter one another through a diffusional process. A chromophore absorbs
light, is promoted to the excited state, and, during its excited state lifetime, encounters
a ground state chromophore. In this case, monomer and excimer excitation spectra are
identical, since the initial absorbing species are identical. In our case, however,
hydrophobic associations of the pyrenesulfonamide label appear to facilitate the
formation of ground-state aggregates. Hydrophobic interactions of the
pyrenesulfonamide labels provide a means for facilitating perturbation of the ground-
state and yielding a species of lower energy. This results in a red-shif_ in both the
absorption spectrum and the excitation spectrum when emission is monitored in the
excimer, or perhaps more appropriately, excited aggregate region.

The phenomenon of pyrene absorption and excitation spectral shifts in the
context of ground-state interactions has been previously documented. In a
fundamental study, Avis and Porter 2sexamined the photophysics of pyrene dissolved
in a poly(methyl methacrylate) matrix as a function of pyrene concentration. At
pyrene concentrations z 0.01 tool dm_, excimer emission was observed and absorption
and excitation spectra were red-shifted relative to the spectra of pyrene at lower
concentrations. Van der Waals interactions of proximate pyrene molecules, resulting
in aggregates of lower ground-state energy, were proposed to explain the observed
spectral shifts.

Precedence also exists for the aggregation of pyrene-labelled, water-soluble
polymers in aqueous media. Winnik and coworkers 7"_°have studied the aggregation
behavior of pyrene-labelled (hydroxypropyl)celluloses in water. Excimer excitation
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spectra were red-shifted relative to monomer excitation spectra indicating ground-state
interactions of pyrene labels. No rise times were observed for the decay profiles,
verifying the preformed nature ofthe aggregate. Frank and coworkers e have reported
similar results for pyrene end-labelled poly(ethylene glycol) in H20. In both Winnik's
and Frank's studies, comparative spectroscopic studies of pyrene-labelled polymers
were performed in methanol as well as in water. No ground-state aggregation of the
label moieties was observed in methanol, thus emphasizing the importance of the
hydrophobic effect.

Additional evidence for aggregation in polymers 1 and 2 was obtained by
excitation of aqueous solutions of 1 and 2 (Figure 11) at 395 nm. Emission in the

r 'monomer egion is very low for both polymers (compare with Figure 2)_ The broad
red-shifted emission dominates indicating that indeed the pyrene aggregate is
responsible for excimer emission in solutions of 1 and 2. The small amount of
monomer emission which seems to be present could be due in part to dissociation of
the excited aggregate.

Transient Emission Studies

Analysis of Transient Decav..Bachcround.
.... - w

The Birks _'_ Scheme for excimer formation/dissociation indicates that
monomer fluorescence decays as the sum of two exponential terms while the
excimer decay can be described as the difference of two exponential terms. The
Birks kinetic scheme adequately describes the transient decay behavior of low
molar mass systems and some model polymer systems. However, many labelled
polymer systems exhibit a complex decay response and this has been our experience
with both I and 2.

The fluorescence decay profiles of the models in water or dioxane are
monomexponential (Table I). The difference in the lifetimes in water (ca.13 nsec)
and dioxane (ca.30 nsec) is quite large, demonstrating the effect of microenvironmental
polarity on the decay of the excited state.

The decay profiles of the two polymers 1 and 2 in aqueous solution were
complex but could be approximately fit by a sum of two exponentials. In both cases,
the decay curve could be fit to a longer lived component (ca.15 nsec) and a shorter
lived component (ca.ll nsec). Detailed interpretation is impossible, probably
because labels in many different environments are contributing to the emission
decay. One point, however, is particularly informative. The decay profile of the
monomer emission (400nm) of 1 is invariant, within experimental error, with
change in the concentration from 2.2 x 10"sg/dL to 2.2 x 10"1g/dL. However, as
noted previously, both reduced viscosity and the Ie/IM ratio of 1 increase at
concentrations on the order of 2.2 x 10"_g/dL (Figure 7), It apI_ears as though the
local environment of the species responsible for emission at 400 nm in I is modified
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little,ifatall,aspolymeraggregationoccurs.

While it is difficult to interpret the excimer decay profile of the polymer samples,
it is worth noting that the excimer decay profiles of I and 2 obtained at 550 nm do not
exhibit a rise time (characteristic of the diffusion time for excimer formation.) The rise ++
times at 550 nm (excimer or excited aggregate emission region) and 400 nm (monomer
emission region), are essentially identical. Although specific decay times were not
obtained, in general we note that the decay profile has a long lived decay component
on the order of 30 nsec. The decay profiles in the excimer region suggest the presence
of a ground state dimer. This idea is supported by the work of Wang et al. _ who
performed picosecond excimer fluorescence spectroscopy on poly(1-pyrenylmethyl-
methacrylate) in chloroform, in this study an essentially instantaneous rise was
observed for the excimer fluorescence profile on a picosecond time scale, signifying
ground-state interactions of the pendent pyrene moieties.

For pyrene labelled hydroxypropyl cellulose, Winnik et al. 7 also identified
ground.state pyrene aggregates via excitation spectra and the lack ofa rise time for
the excimer decay. Frank and coworkersv also attributed the emission of p_ene end-
labelled PEG to excitation of preformed pyrene aggregates.

Ouencnin_ Studies.
+. w

In order to further probe the microenvironment of the pyrene fiuorophore, the
fluorescence of the polymers and the model compounds was quenched by nitromethane
(N), iodide ion (I), methyl pyridinium chloride (MPC), and cetylpyridinium chloride
(CPC). In the case of N and I, quenching ,,,_ta fit the Stern-Volmer equation (1),

IJI= 1+ Ksv[Q] (1)

where Ksv = kQzo
and Io = emission intensity in the absence of quencher, Q

I - emission intensity in the presence of Q
[Q] = quencher concentration
Ksv = Stern-Volmer quenching constant
l_ = quenching rate constant
_o = lifetime of unquenched fluorophore

such that plots ('Stern Volmer Plots') of IJI vs.[Q] were linear for [Q] <ca.0.01M. The
same plots for MPC and CPC quenching frequently showed upward curvature (Figures
12 to 15), even at low concentrations of Q, indicative of both static (complexation of Q
to fluorophore) and dynamic quenching processes. Attempts to fit these curved plots
using several currently available kinetic treatments 36'87failed. Thus, we will discuss
the results using the _ possible kinetic model (Equation 2) for static plus
dynamic quenching of a fluorophore M, by Q, in which Ko is the association constant
for formation of the complex, MQ. Provided the extinction coefficients of M and MQ
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at the wavelength of excitation are the same (i.e. Q does not significantly perturb the
absorption s_m of M), the exalted complex MQ* is non.fluorescent, and MQ* does
not revert significantly to M*, then the modified St_rn-Volmer expression (2) holds. _
This reduces to (3) for purely static quenching (Ksv = 0). This has

ffi1+ + +KsvKd s (2)

,. 1+ (3)

the same Io/I vs. [Q] dependence as purely dynamic quenching but can be
distinguished from the latter by measurement of the fluorophore lifetime in the
absence (_o) and presence (_) of Q for which equation (4) applies. Thus,

_/_ = 1 + Kv[Q] (4)
for purely dynamic quenching KsV.KDwhereas for purely static quenching KD= 0, i.e.
the fluorophore lifetime is independent of [Q], although the fluorescence intensity
drops as [Q] increases. Finally, from equation (2), the slopes of upwardly curving
Stern-Volmer plots should tend to a value of (Ksv + Ko) approaches 0.

Stem-Volmer constant (Ksv)for quenching of monomer emission at 400 nm by
N, an amphiphilic quencher, and I, an anionic heavy atom quencher, are given in
Table II. From the known lifetimes (_o) of the fluorophores (Table I) of the model
compounds, both N and I quench fluorophore fluorescence at or near the diffusion-
limited rate (kQ = 4 ffi 7 x 10_VI'_s'l). Exact quenching constants (kQ) were not
calculated for the polymers 1 and 2 since a single fluorescence lifetime was not
obtained for these materials. However, it is worth noting that Ksv values for models
3 and 4 are consistently greater than those for the polymer bound labels. The
(approximately) two component fluorescence decay of the polymers, with z - 15 and
11 ns, has a similar 'average' lifetime to the single component decay (:o - 13 ns) of the
models (Table I), suggesting kQfor the polymers is two to four times smaller than kQ
for the models. This is attributable to the bulk of the polymers and the enhanced
viscosity of the medium. The approximate kQvalues for the polymers (ca. 1- 4 x 10_I"
Zs"1)are in the range of being diffusion-limited and indicate ready accessibilitly of these
quenchers to the pyrene label.

In order to further probe the hydrophobicity of the labelled polymers, CPC, a
hydrophobic quencher, was employed for intensity quenching. CPC is a surfactant
with a critical micelle concentration (CMC) of 8 x 104 M_S;its pyridinium ring is an
oxidative quencher. For comparative purposes, N-methyl-pyridinium chloride (MPC),
a less hydrophobic analog of CPC, was also used.

Figures 12-15 are the monomer intensity quenching curves (Stern Volmer plots)
of the pyrenesulfonamide model compounds and labelled polymers for the alkyl
pyridinium quenchers. Fluorescence quenching of 1 and 2 by CPC is shown for two
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labelconcentrations(Figures14and 15).inno instancedidwe observeevidenceof
exciplexformationineitherabsorptionoremissionspectra.Many oftheplotsshow
upward curvature.Thisisprobablyindicativeofa combinedstaticand dynamic
quenchingprocess.InthecaseofMPC quenchingoffluorescenceof3 and 4 (Figure
12),thecurvatureoftheplotsislesspronouncedthanforCPC, despitethefactthat
concentrationsofMPC were typicallyovera hundred timesgreaterthan forCPC.
Stern-VolmerplotsforMPC quenchingoffluorescenceofi and 2 (Figure12)are
essentiallylinear.Inallothercaseswe estimatedinitialslopesofIo/Ivs.[Q]plo_s.
Some experiments were also conducted in which fluorophore lifetimes were measured
in the presence of Q in order to obtain KDand kQvia equation (4).

A summary of the data for fluorescence quenching of 1, 2, 3, and 4 by MPC
and CPC is given in Table IIi. in the case of fluorescence of 3 quenched by CPC
(Figure 13) a very large initial slope (35000 M"_)was obtained. This is attributed to
complexation of the large hydrophobic carboxylate anion of 3 (a carboxylic acid, but
above its pI_) with the large hydrophobic cation, CPC. Quenching of fluorescence of
4 by MPC (Figure 12) must be almost entirely a dynamic process since Ksv "KD=35
M"_.The quenching rate constant for this process is 2.7 x 10_I'Ss "1since % = 13.1 ns
for 4 in DI HsO (Table I). In contrast, CPC quenching of fluorescence of 4 (Figure
13) gave an initial slope of 4000M'_>>KD = 60 M"1,indicating a large component of
static quenching by CPC. Since 4 is neutral (in contrast to 3), its association with CPC
is hydrophobically driven. A hydrophobic salt is formed which is non-fluorescent and
leads to predominantly static quenching, in contrast to MPC, which quenches by a
purely dynamic mechanism. For CPC quenching of the fluorescence of 4 a value of l_
= 4.6 x 109 M'_s"1can be obtained from KD and %. Thus, dynamic quenching of
fluorescence of 4 by both MPC and CPC occurs at near diffusion limited rates.

The analysisofMPC and CPC quenchingdataforthe polymers1 and 2 is
hinderedbythecomplexfluorescencedecaybehaviorofthelabelinthepolymer.This
precludesour obtainingkq valu3sforthepolymersusingequation(4)_However,
carefulexaminationoftheSterLVolmerplotsofIJIvs[Q]leadstosome intriguing
conclusions.Thus,MPC quenchingoffluorescenceof 1 and 2 (Figure12)gives
essentiallyidentical,linearStern-Volmerplotswith slopesof 18 and 20 M "_,
respectively.The linearplotsindicateeitherpurelydynamic(slope= Ksv)orpurely
static(slope+ I_)quenching.ConcentrationsofMPC inthesame rangeusedforthe
IJIvs.[Q]experiments,markedlyreducedthe(non-exponential)decayoffluorescence
of 1 and 228.Althoughitisnotmeaningfultoobtaina kQ valueforsuch a non-
exponentialdecay,thisresultindicatesthatMPC quenchesthefluorescenceofthe
polymersby a predominantlydynamic,diffusionalprocess.InthisrespectMPC is
analogoustobothN and Iinitsquenchingbehavior.Once again,thelowervaluesof
KSV forpolymersI and 2 relativetomodels3 and 4 canbeattributedtothebulkof
thepolymersand theenhancedviscosityofthemedium.
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The CPC quenching of fluorescence of low concentrations of I and 2 (Figure 14)
give quite a different result from the MPC quenching. The Stern Volmer plot for the
surfactant polymer I plus CPC is approximately linear wi_h a slope of ca. 3800 M"ifor
[CPC] < ca. 4 x 10"(M whereas the plot for the solution polymer 2 plus [CPC] is
distinctly curved upwards over the same range of [CPC] with a much lower initial
slope of ca. 1900 M"_. The near linear plot for CPC and its high slope must be a
consequence of predominantly static quenching with K - 3800 M"l. Assumption of
dynamic quenching (i.e. Ksv" 3800 M"z)would lead to an unreasonably high _ of ca.
3 x 10ll M'ls"l if Zoffi13 ns is assumed for the polymer. Indeed, the slope of 3800 M"l
for I plus CPC is very similar to the value of 4000 M"_obtained for neutral model 4
plus CPC. We note that the (nonexponential) fluorescence decay is minimally affected
by addition of CPC quencher relative to MPC -- thus verifying the static nature of the
CPC-polymer label interaction ss. Presumably association of both I and 4 with CPC is
hydrophobically driven. The solution polymer 2 also gives a large but lower initial
slope (1900 M"z)of the Stern Voimer plot for CPC quenching. The lower initial slope
indicates less complexation and the curvature of the plot suggests a larger contribution
of dynamic quenching for this polymer with randomly spacod pyrcne' labels. Stern-
Volmer plots for quenching of the fluorescence of higher concentrations of I and 2 by
CPC are shown in Figure 15. Both plots show marked upward curvature most
probably a consequence of the CPC concentrations (up to 8 x 10"4M)being comparable
to label concentrations. Once again the effect of CPC on the fluorescence of I is greater
than on fluorescence of 2 at low [CPC], suggesting the surfactant quencher interacts
more strongly with polymer 1 that has blocks of hydrophobic pyrene labels. Thus
hydrophobically modified polymers form (static) hydrophobic aggregates with
surfactants such as CPC, even below the critical micelle concentration of the
surfactant. Formation of such aggregates is the dominant mechanism of fluorescence
quenching by CPC, the effect being most striking for the surfactant polymer 1. Such
polymer-surfactant complexes are of interest from both fundamental s° and pratical sl
points of view. It may also be significant that, at low polymer concentrations, Ksv for
fluorescence of I quenched by CPC is about twice as large as the initial slope for 2
quenched by CPC (recall that KSV values for 1 and 2 plus MPC are essentially
identical). This may indicate that the hydrophobic CPC has some preference for
association with the blocky regions of 1 rather than the more randomly spaced
hydrophobic labels in 2. A number of other groups i'l°'ll_s's4 have employed
photophysical techniques to observe surfactant interactions with pyrene-labelled
polymers. Our study differs in that we have also employed a quenching process to
observe these interactions.

Conclusions

This work dealt with the photophysics of pyrenesulfonamide-labelled water-
soluble polymers prepared by either a microheterogeneous surfactant copolymerization
technique or by a homogeneous solution polymerization technique. The surfactant
copolymerization technique yielded a pyrensesulfonamide-labelled copolymer 1, which
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proved to be a model associative thickener. Viscosity profiles of this polymer in
aqueous media exhibit a low critical overlap concentration--typical associative
thickener behavior. A blocky microstructural tendency was demonstrated for this
polymer Ie/IM ratios of the pyrenesuifonamide label. This microstructure is a
consequence of the microheterogeneity present during the surfactant copolymerization.
Hydrophobic interactions of the label, as evidenced by Ie/I_, parallel that of the
viscosity profile. The viscosity response of the polymer is therefore driven by the
molecular, hydrophobic interactions of the pyrensulfonamide label. These hydrophobic
interactions lead to a formation of static, ground state aggregates of the pyrene
labels as denoted by excitation studies and lifetime measurements. Quenching
studies of the pyrenesulfonamide label imply that it resides in an open, aqueous
environment accessible to hydrophilic quenchers such as iodide ion. The hydrophobic
character of the label was verified by its interactions with the hydrophobic CPC
quencher- a static hydrophobic complex was formed.

The solution polymerization technique gave a pyrenesulfonamide-labelled
copolymer 2, with largely intramolecular associative behavior. Fluorescence
measurements suggested this copolymer has a random microstructure, as would be
expected to result from the copolymerization of two acrylamide monomers in a
homogeneous medium. The random microstructure of this polymer appears to
facilitate a compact confonrmtion due to intramolecular hydrophobic interactions of the
interspaced pyrenesulfonamide label. The Huggins profile of this polymer in aqueous
solutions has zero slope, demonstrating a compact, non.interacting conformation. On
a molecular level Iv/IMvalues are independent of polymer concentration, paralleling
the viscosity response of this system. Associations of the pyrene label are also static.
Although the polymer conformation is compact, fluorescence quenching and lifetime
measurements suggest the pyrenesulfonamide labels reside in a relatively aqueous
mciroenvironment, and are approached and encountered by small molecules at or near
the dif_sional rate. Quenching of this copolymer with the hydrophobic CPC confirmed
the hydrophobic character of the pyrenesulfonamide label and its tendency to form
static aggregates via hydrophobic associations in H20.

In summary, we have employed photophysical techniques to elucidate the
associative behavior of pyrenesulfonamide-labelled polyacrylamides in aqueous media.
Correlations between macroscopic (visocmetric) and molecular (photophysical)
characterization methods have allowed us to develop structure-property relationships
for systems in which the pyrenesuflonamide moiety serves as the sole hydrophobe
responsible for associative behavior.
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Table i- Fluorescence

Lifetimes of Model Compounds in Homogeneous Solution"

S,a,mple_ .......................Solvent ...... '............C, -I''M ......... _...... T,......nsI J_ J J .................. IlllNI I Ill .......... _ I]

3 H_O 2.5 x I0 "T 13,3
Dioxane 2.6 x 10"_ 30.9

4 HgO 3.1 x 10.7 13.1
Dioxane 3.1 x I0 "T 30.3

........
I.... ..... : 3JIn3 I I [ tJt ..... I I IIIIII III I I [ III II

"Excitation at 340 nm, monitoring at 400 nm
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Table II. Quenching of Fluorecence" of Polymers 1 and 2 and Model Compounds 3
and 4 by Nitromethane (N) and Sodium Iodide (I) in Water

i _-- ii JillHI i ii ii i ........................ l lll 11mil illlilll_ i i ii ill l lll ii i

Compound Q [Polymer]g/dl [!abel],M Ksv, M"l kq, M'ls"i

8 N - 2.5 x 10"s 49 3.7 x 109

4 N - 3.1 x 10.7 58 4.4 x 10_

1 N 2.18 x 10"l 7.1 x 10.5 11 -

1 N 2.18 x 104 7.1 x 10.7 23 - "

2 N 1.93 x 10"1 9.3 x 10_ 12 -

2 N 1.93 x 104 9.3 x 10"T 17 -

8 I - 1.8 x 10"T 74 5.6 x 10_

4 I - 2.6 x 10"_ 85 6.5 x 10°

1 I 2.0 x 10.8 6.5 x 10"T 49 -

2 I 2.2 x 104 1.1 x 104 43 -

"Excitation at 340 nm, quenching at 400 nm.
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Table III. Quenching of the Fluorescence" of Polymers and Model Compounds by
Methyl Pyridinium Chloride (MPC) and Cetyl Pyridinium Chloride (CPC) in Water

i

Compound Q [Polymer]g/d! [label_,M Slope_ M"1 kn, M"l

3 MPC - 1.8 x 10"_ 58 b -

3 CPC - 1.8 x 10"T 35,000 b -

4 MPC - 2.6 x 10"T 36b 35

4 CPC - 2.6 x 10"_ 4,000 b 60"

1 MPC 2.0 x 10.3 6.5 x 10"T 18_ -

2 MPC 2.2 x 10.8 1.1 x 104 20c -

1 CPC 2.0 x 10.3 6.5 x 10"T 3,800 c -

2 CPC 2.0 x 10_ 1.0 x 104 1,900 b -

1 CPC 2.0 x 10"1 6.5 x 10_

2 CPC 2.0 x 10"1 1.0 x 104
|l i i i i

"Excitation at 340 nm, monitoring at 400 nm.
bNon-linear Stern-Volmer plots. The slope is at the linear portion at low [Q].
_lopes at linear Stern-Volmer plots.
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Figure 6-1. UV Absorption Spectra of 8 (Top) and 4 (Bottom) in HgO (C = 10_ M).
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Figure 6-5. Steady-State Emission Spectra of I (CopolymerC = 218 m_dL,
Fluorophore C = 7.13 x 104 Mol/L)and 2 (CopolymerC = 193 mg/dL, Fluorophore C

= 9.28 x 104 Mol/L) in H20.

133
i

f
J



0.60
13oElEloo 1

. &&Z_AA2

0.50 o
,=,

0
0.40 "

0

13

0
0.30 o

--- - 13

-'- 0.20 "
,,,,,

o
.=,

a

0.10 _ z_ _ _ A z_

t
0.00 _ ,, ,, ,, ,",",',, ,","',",,'",, ,-,",, ,",'",'",',,,,,,, ','',,,,, ,', ,',',, ,,,,

-2.40 -2.00 - 1.60 - 1.20 -0.80 -0.40

log cone (g/dl)

Figure 6-6. IE/I M as a Function of Log Polymer Concentration of I and 2 in H20.

134



0.60 ............. ............................ _ 8.00

" 00000 '/_re.d 0

ooooo I_/IM
o 7.00

0
0.4.0 -6.00

0

0
0

o 5.000

0 000 '10
O0 t.,,

ILl 0 C""
-- 0.20 o -4-.00 _"

0

- .3.00

0 O0 ...... 2 O0, ii _ iii ,lilt Ii_, _ I,Jl,t,l,,,_ll I, WI _ I,I i ,
-4.00 -3.00 -2.00 -1.00 0.00

log conc (g/dl)

Figure 6-7. Tiredand Ie/IMas a Function of Log Polymer Concentration for 1
in H20.

135



0.20 - i.50

Figure 6-8. Tiredand Iz/I_ as a Function of Polymer Concentration for 2 in H20.

136



137



138



139



8.00 I omooal c= 2.1 x 10"_.9/dlA&A&,_2 C= 2.2 X i0"_.,(:J_'dl
2 ****.3 c= 1.76 x 10"; M 0
- OOOOO4 c= 2.61 x 10"" IVl
.,

6.00 - o
o

m

" 0,=,

a

,m

" " * Om i,

__ 4,00 - a '
"_, " * 0 13

0
--- 13

0 _ 13
_Q

• 0 _
2.00 * A _ a

• , _A 0

o

0.00 ' ' '' ' ''' 'I'' ' ' ''' '' I '''' '' ''' I' '' '' ' '' '
0.(t0 40000.00 80000,00 120000.00 160000.00

[MPC],
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CHAFFER SEVEN: AMPHOLYTICCOPOLYMERSOF SODIUM 2-
ACRYLAMIDO-2-METHYLPROPANESULFONATEWITH2-ACRYLAMIDO-2-

ME_ROPANETRIMETHYLAMMONIUM CHLORIDE

Copolymersof sodium2-acrylamido-2-methylpropanesulfonate(NaAMPS)with 2-
acrylamido-2-methylpropanetrimethylammoniumchloride(AMPTAC)have beenprepared
byfree-radicalpolymerizationina 0.5M NaCIaqueoussolution usingpotassiumpersulfate
asthe initiator.Copolymercompositionswere obtainedby "C NMRandelementalanalysis.
Reactivityratioswere calculatedby the methodsof Fineman-Ross(r_- 0.58; r2= 0.87) and
Kelen-TtldOs(rI = 0.50; r2 = 0.62). An r_r2value of 0.31 indicates an alternating
microstructurefor NaAMPSandAMFI'ACmonomerunits. Molecularweights, secondvifial
coefficients, diffusioncoefficients, and average diameters were found using classicaland
quasielasticlow angle laserlightscattering.As thecompositions of thecopolymers approach
equalmolarconcentrationsof NaAMPSandAMFFAC,polyampholytebehavioris observed.
The secondvirialcoefficientscan be used to distinguishthe polyelectrolyte/polyampholyte
transitionas a functionof copolymercomposition. The dilutesolution propertiesof the
copolymers, as well as those of the NaAMPSand AMPTAChomopolymers,have been
studiedas relatedto composition,pH,temperatureand addedelectrolytes.

Introduction

Water-solublecopolymers showing tolerance to addedelectrolytes have been the
subject of research in our laboratoriesin recent years. Of particular interest have been
hy.drophilicpolyampholytes that exhibit enhanced viscosity with added saltst'9. Such
copolymerscontainingacidic and basic moietieswere reported as early as the 1950's. For
example Alfrey and Morawetz reported the synthesis of vinyl polyampholytes from
copolymerizationof 2-vinylpyridineandmethacrylicacid_°.These polyampholytesbehaved
as polyanions in alkaline solution, and as polycations in acid solution. Ehrlich and Doty
copolymerized 2-dimethylaminoethylmethacrylate with methacrylic acid, varying the
compositionof the latterfrom23 to 57 tool %'. The solution and fightscatteringproperties
of thecopolymerwhichhad 53.7mol %methacrylicacidwerestudied atthe isoelectric point.
The polymer coils possessed negative second virial coefficients A2 indicating that the
hydrodynamicvolume of the coils was reduced by intramolecular attractions between the
positive and negatively chargedgroups.

More recently Salamoneet al. studiedpolyampholytesmadeby pairing anionic and
cationic monomers then polymerizingthem into highly alternating copolymerst_'_. The
observedsolutionbehavior was consistent with that of high charge density polyampholytes.
We reported polyarnpholytes containing the cationic monomer 2-acrylamido-2-
methylpropanedimethylammoniumhydrochloride (AMPDAC)3"_.The cationic copolymers
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at low pH were subject to dehydrochlorinationto reduce segmentalrepulsions making
structure/behaviorassessment more difficult. The quaternarycationic monomer 2-
acrylamido-2-methylpropanetrimethylammoniumchloride (AMFTAC)was synthesizedto
solve this probleme,tT. This monomernot only featuresa quatemizedammoniummoiety
whichremainschargedregardlessof pH butthe arnidegroupis protectedfrom hydrolysisby
geminalmethylgroups. This paperreports copolymersof AMFTAC and NaAMPS,the
ATAS series (Figure 1). In this ATAS series the monomers will retain their respective
clmrgesover a wide pH range; therefore the monomer ratio will dictate polymer net charge
and the resultingsolution properties.

Exnerimental
MaterialsandMonomerSynthesis

2-Acrylamido-2-methylpropanesulfonleacid(NaAMPS)was obtainedfrom Flukaand
purifiedbyrecrystallizationfroma methanol/2-propanolsolventsystem. Methyl iodidefrom
Aldrich was used without further purification. Synthesis of 2-acrylamido-2-
methylpropanetrimethylammoniumchloride (AMPTAC) by a multistepprocedurehasbeen
previously reported tT. Briefly,2-acrylamido-2-methylpropanedimethylaminewas reacted
with a ten-fold excess of methyliodide in refluxingdiethyl ether and then ion-exchanged to
yieldthe productAMPTAC. Potassiumpersulfatefrom J.T. Baker was recrystaUizedtwice
from &ionized water priorto use.

Synthesis of Copolymers of Sodium 2-Aerylamido-2-methylpropanesulfonatewith 2-
Aerylamido-2-methylpropanetrimethylammoniumChloride

The homopolymersof NaAMPS and AMPTAC, and the copolymers of AM_AC
with NaAMPS(theATAS series) were synthesized by free radical polymerization in a 0.5M
NaCI aqueous solution under nitrogen at 30*(2using 0.1 mol % potassium persulfate as the
initiator. The synthesis and purificationprocedures have beenreported previously_7'_8.The
feed ratio of NaAMPS:AMPTAC was varied from 90:10 to 30:70 tool % with the total
monomer concentration heldconstant at 0.45M. Aqueous NaCI solutions as the reaction
medium insuredthat the copolymersremainedhomogeneous during polymerization.

All copolymersweresolublein deionizedwaterexceptfor ATAS-50. This copolymer
precipitatedfrom solutionduringdialysisand remainedinsoluble until NaCI was added. This
"hydrogel" was washed repeatedly with deionized water to remove any remaining salt or
monomerand was then lyophilized. Conversions were determined gravimetrically. Table I
lists reaction parameters for the copolymerization of AMPTAC with NaAMPS, and the
homopolymerizations of NaAMPS and AMPTAC. FT-IR: Copolymer: ATAS-50, N-H
3440 cm"=(s),3296 cm"=(s); C-H3063-2935 cm"=(m); C---O1655cm"m(s), 1549 cm_; S-O
1208 cm"t (s). m3CNMR: Copolymer: ATAS-50, NaAMPS C=O 178.8 ppm; AMPTAC
C---O178.2 ppm; Quat CH357.8 ppm; Chain CH237.8 ppm; Chain CH 45.0 ppm; Gem
Methyls CH329.4 ppm
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Cor_olvmerCharacteriT_tion

Elementalanalysesforcarbon,hydrogen,nitrogen, andsulfurwereconducted byM-
H-W Laboratoriesof Phoenix,AZon the low conversioncopolymersamples. Copolymer
compositionswereconfirmedusingt3CNMRby integrationof the amidecarbonylpeakstg.
"C NMR spectrawere obtainedusing 10wt/wt %aqueous(D20) polymersolutionswith
DSS asthereference.FT-IRspectrawere obtainedusinga Perkin-Elmer1600 SeriesFT-IR
spectrophotometer.Molecularweightstudieswere performedon a ChromatixKMX-6 Low
Angle LaserLightScatteringinstrument.Refractiveindexincrements wereobtainedusing
a ChromatixKMX-16 LaserDifferentialRefractometer.Forquasielasticlight scatteringa
Langley-FordModel LFI-64 channeldigital correlatorwas used in conjunctionwith the
KMX-6. All measurementswereconductedat 25°Cin 1MNaCI.

ViscosityMeasurement

Stock solutions of sodiumchloride(0.10, 0.20, 0.30, 0.50 and 0.75M NaCI)were i

prepared by dissolving the appropriateamountof salt in deionizedwater.. Polymerstock
solutionswere then madeby dissolvinga specifiedamountof polymerin solvent fromthese
saltsolutions.The solutionswere thendilutedto requiredconcenu'ationsand allowed to age
for two tothreeweeksbeforebeing analyzedwith a ContravesLS-30 rheometer. Triplicate
samples were prepared of each concentration to reduce experimentalerror. Intrinsic
viscosities were evaluatedusing the Hugginsequation2°.

Resultsanddiscussion

TheATASseriesof copolymerswas syntlw_izedbyvaryingtheratio of NaAMPSand
AMPTAC from 90:10 to 30:70 mol %in the feed. Reaction parametersand the resulting
copolymercompositionsdeterminedbyelementalanalysisor "C NMRaregiven in TableI.
The numberappendedto the acronymATASrefersto the amountof AMPTACin the feed.
This seriesdiffers fromthe previouslystudiedADAS series_'4in whichAMPDAC was the
cationicmonomer. Thequatemaryammoniumgroupof AMPTAChas been shownto be a
stablecationicmoietywhichremainscharged overa wide pH range_7.WhenAMPDACwas
used in the ADAS copolymers, the exact numberof cations present was never precisely
known due to loss of HCIfromthe tertiaryamine hydrochloridein aqueous solution. The
AMt_AC monomerandATAScopolymershavenofaerieroute forchargeeliminationother
thancounterioncondensation,makingthem bettersuitedfor structure/propertystudies.

ComoositionalStudies

Elementalanalysiswas usedto determine the copolymer compositions from nitrogen
and sulfur content represented by equations (1) and (2).

% NIl4.01 = A + 2B (1)
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% S/32.06 = A (2)
Thecoe_nts A andB arethenumberof moles of NaAMPSand AMPTAC,_espectively,
ina normalizedamountofcopolymer,e.g. one gram. The mole percentof each monomerin
thecopolymermay thenbe determinedusingequations(3) and (4).

mol % NaAMPS= A/(A + B) x 100% (3)
mol %AMPTAC= B/(A + B) x 100% (4)

Integrationof t3CNMRamidecarbonyipeaksalsogavethemolepercentof NaAMPS
and AMPTACinthecopolymers.This informationagreesfavorablywith that derivedfrom
elementalanalysis.The low andhighconversiondatadiffersignificantlyonly for ATAS-10
in which compositionaldriftwould be expected for an alternatingcopolymerizationas
indicated by the values of rt and r2. The copolymer compositionsas a function of feed
composition are shown in Figure 2. A copolymerizationin which an ideally random
copolymerwould be formed is representedby the dashedline.

ReactivityRatioandMicrostruetureStudies

Reactivityratios for the ATAS series were determined from the feed ratios of the
monomersand the resultantcopolymercompositionsobtainedby elementalanalysis. The
traditionalmethodsof Fineman-Ross2_and Kelen-T0d0s22were employedto determinethe
monomerreactivityratios fromthe low conversioncopolymersamples. The Fineman-Ross
methodgave reactivityratios for NaAMPS(Ma)and AMFFAC (M2)of rt = 0.58 and1"2=
0.87. The Kelen-TOd0smethod producedreactivity ratios of 0.50 and0.62 for r_and r2
respectivelyand rtr2= 0.3l, Table1I. The copolymercompositions as a functionof feed
compositionforthe ATAS seriesare shownin Figure2. The experimentaldatasuggest the
ATAS copolymers,like the previouslyreportedseries ADAS, arehighlyalternating.

Microstrncturalinformationwas obtainedstatisticallyusingthe equationsof Igarashi23
and Pyunu and is presented in TableHI. The Igarashimethod calculates the fractionsof
NaAMPS-NaAMPS,AMFFAC-AMPTAC,andNaAMPS-AMFFACunitsin the copolymers
as a functionof reactivityratiosand copolymercompositions. The Pyunmethodcalculates
the meansequencelengthof themonomersin each copolymer. The dataclearly indicatethe
alternatingtendencyof the monomersequences. The ATAS copolymers,however, do not
possess thedegreesof alternationobtainedforthe ADAS copolymers. Forexample, ADAS-
50 hada 15mol % higheralternationvalue thanthe analogous ATAS-50. This is indicative
of NaAMPS:AMPDAChavinga strongerinteractionthan the NaAMPS:AMPTACion pair.

Light Scatterin_Studies

Classicaland quasielasticlight scattering data for the ATAS series are presentedin
Table IV. Thepolymershavemolecularweightsrangingfrom 1.47x10eg/tool for the ATAS-
100 homopolymer, to 7.92xl& g/mol for ATAS-40-2. The second virial coefficients (A2)
were foundto exhibitdependenceon copolymer composition. ATAS-50-2 with a 50:50 tool
% chargecomposition is better solvated in the presence of electrolytes than the copolymers
with charge imbalances. ATAS-25-2 has a negative A2value while ATAS-50-2 has an A2
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value of 0.763 ml'mol/g 2. Similarresults hadbeen observed for the ADAS copolymersin
which ADAS-50 had the highestA_value for the series. The dataare consistentwith the
expected polyelectrolyte/polyampholytetransitionsdependingon the extent of AMPTAC
incorporationin thecopolymers. Higgs andJoannyhave presented theoreticalpredictions
which agreewith ourresults2s.

Thenarrowdistributionof experimentalvalues forthe diffusioncoefficients (Do)and
average hydrodynamicdiameters(do) are consistent with the viscosity behaviorof the
copolymers in electrolytesolutions. In 1MNaCI,the ATAS copolymers areneitherchain
extendednorchainconstricteddueto chargescreening. In deionizedwater,largedifferences
wouldbe expectedforpolyampholytes,i.e.,ATAS-50-2,andpolyelectrolytes,i.e., ATAS. i0-
2 and ATAS-70-2 (Table IV), where strong electrostatic effects would dominate.
Experimentaldifficulties,unfortunately,precludemeaningfullight scatteringstudies of the
high charge density polyampholytesin deionizedwater. Viscometric studies, however,
supportthe above discussion.

ViscometricStudies

The dilute solution behavior of the ATAS series was studied with respect to
composition,temperature,pH and addedelectrolytes. Apparentviscosities of the polymers
were measured at polymerconcentrationsbelow C' using a ContravesLS-30 low shear
rheometer. The solutionswereaged two to threeweeks to allow equilibrationof polymer
conformations in solution. Intrinsic viscosities were calculated using the Huggins
relationship.

Thesolution behaviorof the homopolymerATAS-100 was previouslyexaminedin
thepHrangeof 3 to 11in 0.1M NaC117.No dependenceof apparentviscosity was observed.
Each copolymer of AMFTAC with the sulfonate monomer NaAMPS should be non-
dependenton changes in pHabove3 since the sulfonate groupremains ionized.

Intrinsic viscosities for the copolymersATAS-50 and -70 and the homopolymer
ATAS-100arerelativelyindependentof temperaturewhen measuredin deionizedwaterand
in 0.SM NaCI in the temperaturerange of 25°C to 60°C. Most polyelectrolytesexhibit
reductions in viscosity as a functionof increasing temperaturedue to the eliminationof
rotational restrictions. Increase in conformational freedom may be offset by wateri

restructuringaroundthe NaAMPSand AMPTACions pairs.

Effects of Copolymer Composition
The apparentviscositiesof the ATAS copolymers in deionized waterplotted as a

functionof compositionareshowninFigure3. A dec_ in the apparentviscosity develops
as the molarratioof NaAMPSandAMPTACapproachesunity. The curveis discontinuous
dueto theinsolubilityof ATAS-50-2in the absenceof addedelectrolytes. This is the result
of decreasing polymer hydrodynamic volume caused by increasing intramolecular
associations. The ADAS copolymersdisplayeda similar effecP'4.
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The effects of compositionon intrinsicviscosity inNaCIsolutions aredisplayedin
Figure4. The homopoiymerATAS-0andthecopolymersATAS-10-2,-25-2, -40-2 and -50-
2 have comparablemolecularweightswhich leadto similarviscosities in 0.75M NaCI. In
0.1MNaCLthepolyelectrolyteeffectdominatessolutionviscosityandsignificantdifferences
duetocompositioncanbe discerned.Copolymerswithmore NaAMPSthan AMPTACact
as polyanions. As the amountof AMPTACinthe copolymers increases to 50 mol %,the
viscositydecreases asa resultof increasingpolyampholytecharacter. This behavioragrees
with the second virialcoefficientdata. The copolymerATAS-70-2 whichhas 65.7 tool %
AMFrACand thehomopolymerATAS-i00 havelow intrinsicviscositiesdue to polycationic
character. The intrinsicviscosity of ATAS-50-2, which is insolublein deionizodwater,
increaseswith increasingionicstrength.

Effects of Added Electrolytes
The effects of sodiumchlorideon the intrinsicviscositiesof the ATAS copolymers

andATAS-0andATAS.I00 weredeterminedata shearrateof 5.96 sec"tat 25"12(Figure5).
ATAS.0,the anionichomopolymerof NaAMPS,shows the greatestdecrease in viscosity as
the NaCIconcentrationincrease. As more AMFrACis incorporatedinto the copolymerthis
effectbecomesless pronounceddue to the transitionfrom polyelectrolyteto polyampholyte
character.ATAS-40-2lies near the polyampholytecompositionregionbut still possessesa
net charge, This leadsto a smallchange in viscosity for ATAS-40-2 with increasingionic
strength.Atequalmolarconcentrationsof each monomer,(ATAS-50-2) there is anincrease
in the viscosity. The copolymer ATAS-70-2 lies on the edge of the
polyelectrolyte/polyampholytetransitionandthusshows a smalldecrease in intrinsicviscosity.

The intrinsicviscosityof eachsamplewas plottedas a functionof the inversesquare-
rootof theionicstrength(Figure6). Polyelectrolytesshow a directlineardependencewhen
plottedinthismanne_. The polymersATAS-0,-10-2, and-100 exhibit linear behaviorand
positive slopes. "Ihecopolymers ATAS-50-2 and -40-2 exhibit slightly negative slopes
indicativeof polyampholytenatureandconsistent with the second virialcoefficientdata.
Intermediatebehavioris observedfor ATAS-25-2and ATAS-70-2.

Homopolymersof NaAMPSand AMPTAC,and the copolymersof NaAMPSwith
AMFFAC(theATASseries),havebeen synthesizedby freeradicalpolymerizationin 0,5M
NaC1. The presence of NaCIallows the polymerizationsto remainhomogeneousyielding
copolymerswithmicrostrucmresless alternatingthanthose of the previouslystudiedADAS
series, Copolymer compositionswere obtainedby elementalanalysis and _3CNMR.
Reactivityratiosdeterminedby the methodsof Fineman-RossandKelen-TUd_syieldhr2 =
0.31, Molecular weights range from 1,47 to 7.92 x l0s g/tool for the AMPTAC
homopolymerandthe ATAS.40 copolymerrespectively. Secondvirialcoefficients indicate
acopolymerwith an equalmolarconcentrationof each monomerto be bettersolvatedthan
copolymerswith charge imbalances. Secondvirialcoefficientsand ionic strengthchanges
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maybeusedto detectpolyampholyte/polyelectrolytetransitionswithcompositionalchanges.
ATAS-0, -i0, -25, -75, and-I00 behaveas polyelectrolyteswhile ATAS-40 mzd-50 show
polyampholytebehavior.

In the abselw.eof addedelectrolytes,decreasingviscositiesareobserved as copolymer
compositions approachequal molar values. This is attributedto decreasing polymer
hydrodynamicvolumescausedby increasingintramolecularassociations. In iM NaCIthe
copolymersareneitherchainextendednorchainconstricte,tdueto chargescreeningby the
addedelectrolytes. The use of the qualarnaryammoniummonomerAMFTAC allows the
synthesisof highcharge densitypolyelectrolytesand polyampholyteswith preciselyknown
chargeratiosthus allowing accurateassessmentof structure/propertyrelationships.
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TableIH

StructuralDatafor theCopolymersof Sodium 2-Acrylamido-2-
methylpropanesulfonate(NaAMPS,Ml) with2-Acrylamido-2-
methylpropanetrimethylammoniumChloride(AMPTAC,M2).

I IIIIIII IIII J I IIIHI II ..... i ................................ II .......................

_AC in Blockiness Alternation MeanSequence
Sample Copolymer (mol %) (mol %) Length
Num_r __ (mol%)' .......M:M, M_.-M_ ..... M_-M2....... M, __,, M,_

ATAS-10 14,7 71.4 0.8 30.5 5.5 I.I
ATAS-25 36.1 35.1 7.3 54.0 2.5 1.2
ATAS-40 45.4 22.9 13.6 63.2 1.8 1.4
ATAS-50 51.7 16.3 19.6 64.1 1.5 1.6
ATAS-70 65.7 6.4 37.8 54.5 1.2 2.5
..... i IIIII I I iliiiIiII ...... ....... IIIIHIIIIII - INIII ........

°DeterminedfromElementalAnalysis
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CH2=C" CH2=CH CH2=OHI I
C=O C=O C=O
I I I
NH NH NH
I I I

CH3--C--CH3 OH3--CI--OH3 CH3--C--CH 3I

CH2 _H2 CH2!

I CH3_NI+ CH3 CH3_N_CH 3S03" Na+ I
CH3 CI" H CI"

NaAMPS AMPTAC AMPDAC

Figure7-I.StructuresforthemonomersSodium2-Acrylamido-2-
methylpropanesulfonate(NaAMPS),2-Acrylamido-2-
methylpropanetrimethylammonitunChloride(AMPTAC)and 2-
Acrylamido-2-methylpropanedimethylammonium Hydrocldoride
(AMPDAC).
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Figure7-2. MolepercentAMPTAC incorporatedintotheATAS copolymers
asafunctionofcomofiomerfeedratio.The dashedlinerepresents
idealrandomincorporation.
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Figure 7-8. Effect of copolymer composition on the apparentviscosity of 0.025
g/alLAT.AS polymer solutions in deionized water at 25°C at a shear
rate of 5.96 sec".
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Figure 7-4. Intrinsic viscosity of the ATAS copolymer series as a function of
composition in 0.10M and 0.75M NaCI determined at a shear rate
of 5.96 sec" at 25°C.
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CHAPTER EIGHT: AMPHOLYTIC TERPOLYMERS OF ACR_IDE
WITH SODIUM 2-ACRYI2_IIDO-2-METHYLPROPANESULFONATE AND
2-ACRYLAMIDO-2-METHYLPROPANETRIMET_ONIUM
CHLORIDE

Abstract

Low chargedensityampholyticterpolymersofacrylamide(AM) with
random distributionsof sodium 2-acrylamido-2-methylpropanesulf0nate
(NaAMPS) and 2-acrylamido-2-methylpropanetrimethylammoniumchloride
(AMPTAC) havebeensynthesizedby freeradicalpolymerizationin0.5M NaCI
aqueoussolutions.Terpolymercompositionswereobtainedby IsCNMR. Low
anglelaserlightscatteringprovidedmolecularweightsand secondvirial
coefficientswhichvariedfrom2.8to6.8x 106g/tooland 1.31to2.95ml.mol/g"2
respectively.Dilutesolutionpropertiesoftheterpolymerswere measuredwith
respecttocomposition,concentrationand addedelectrolytes.Polyampholyte
behaviorwas observedforthepolymerwith as littleas 0.5tool% ofeach
chargedgroupandbecamesignificantwhen 7 tool% ofeachchargedmonomer
was incorporated.At 12and 15tool% incorporationofeachchargedmonomer,
solutionbehaviorbecomes complex consistentwith the existenceof
intermolecularinteractionsat low ionicstrengthsand intramolecular
associationsatmedium saltconcentrations.

Introductioxl

Few studies have been reported for polyampholytes with low charge
densities l"s although copolymers and terpolymers of this type have great
potential as rheology modifiers. Applications include drag reduction, enhanced
oil recovery, personal care and coatings formulations. The "antipolyelectrolyte"
effect or increased viscosity in salt solutions has not been commercially
exploited. Microstructural charge placement, polymer concentration, and ionic
strength are important in determining viscosity behavior. For polyampholytes
with hydrophilic mers, the lower the charge density the greater the solubility
in deionized water and the less added electrolyte necessary for dissolution 2",4'_7.

PeifferandLundbergv$studiedpolyampholyteswithlowchargedensities
by incorporatingthe neutralmonomer acrylamide(AM) along with
methacrylarnidopropyltrimethylamrnoniumchlorideand sodium styrene
sulfonateyieldingpropertiesnotreadilyattainablewiththehighchargedensity
polyampholytes.Polymerswere solubleindeionizedwateras wellasinthe
presenceofaddedelectrolytes.Intheabsenceofaddedelectrolytes,thelow
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chargedensitypolyampholytes,(<10tool%) showedintermolecularassociations
whilethepolymerswithhigherchargedensitiesfavoredintramolecularionic
associations.The rheologyofhighionicstrengthaqueoussolutionscouldbe
controlledby adjustingthenetchargeand theanion-cationchargedensityof
thepolyampholytes.

Our laboratorieshavepreviouslyexploredpolyampholytebehaviorusing
highchargedensitycopolymers9'I°and lowchargedensityterpolymersi'5'e.Low
chargedensityterpolymers(theADASAM terpolymerseries)were made using
acrylarnide(AM) as a neutralhydrophilicmonomer alongwith sodium2-
acrylamido-2-methylpropanesulfonate(NaAMPS) and 2-acrylamido-2-
methylpropanedimethylammoniumhydrochloride(AMPDAC) asthecharged
monomers (Figure1).The terpolymerswere solubleindeionizedwaterand
exhibitedenhancedviscosityas electrolyteswere added. Both intra-and
intermolecularassociationscouldbe observedinrheologicalstudies.

Thispaperreportsthestudyofa new selJesofterpolymers(theATASAM
series)made with2-acrylamido-2-methylpropanetrimethylammoniumchloride

, (AMPTAC) as thecationicmonomer. Thismonomer featuresa quaternized
ammonium functionalitywhich is resistantto hydrolysisand readily
copolymerizableTM. The methodsusedtosynthesizetheseterpolyrnersand their
dilutesolutionbehaviorarediscussedand comparedtothepreviouslystudied
ADASAM series.

Experimental
Monomer Synthesis

2-Acrylamido-2-methylpropanesulfonicacid(NaAMPS) obtainedfrom
Flukawas purifiedby recrystallizationfrom a methanol/2-propanolsolvent
systemfollowedbydryingundervacuum atroom temperature.Synthesisof2-
acrylamido-2-methylpropanetrimethylammoniumchloride(AMPTAC) by a
multistepprocedurehasbeenpreviouslyreported_. Briefly,2-acrylamido-2-
methylpropanedimethylaminewas reactedwith a ten-foldexcessofmethyl
iodidein refluxingdiethyletherthen ion-exchangedto yieldthe product
AMPTAC.

SynthesisofTerpolymersofAc_lamide withSodium 2-Acrylamido-2-methyl-
propanesulfonatewith2-Ac_l_mido-2-methylpropanetrimethylammonium

Chloride

TerpolymersofAM withNaAMPS and AMPTAC (theATASAM series)
weresynthesizedbyfreeradicalpolymerizationin0.5MNaCl aqueoussolutions
undernitrogenat30°Cusing0.1tool% potassiumpersulfateastheinitiator.
The feedratioofAM:NaAMPS:AMPTAC was variedfrom 99.0:0.5:0.5to
70:15:15mol % withthetotalmonomer concentrationheldconstantat0.45M.
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The use of 0.5M NaC1 as the reaction medium insured that the terpolymers
remained in solution during polymerization.

In a typical synthesis, specified qu, ntities of each monomer were
dissolved in small volumes of NaC1solution. After the pH was adjusted to 7, the
separate solutions were combined and diluted to a 0.45M tntal monomer
concentration. The reaction mixture was sparged with nitrogen for twenty
minutes then initiated with 0.1 tool % potassium persulfate. The reaction was
usually terminated at <30% conversion due to the high viscosity of the reaction
medium and as a precaution against terpolymer compositional drift. The
polymers were precipitated in acetone, redissolved in deionized water, then
dialyzed using Spectra/Por 4 dialysis bags with molecular weight cutoffs of
12,000 to 14,000 g/tool. After isolation by lyophilization, the polymers were
stored in desiccators with a nitrogen atmosphere.

AllterpolymersweresolubleindeionizedwaterexceptforATASAM I0-10
and ATASAM 15-15.Theseterpolyrnersprecipitatedfrom solutionduring
dialysis.Thesehydrogel-likematerialswerewashed repeatedlywithdeionized
waterto remove any remainingsalt,or monomer, and then lyophilized.
Conversionsweredeterminedgravimetrically.TableIlistsreactionparameters
fortheterpolymerizationofAM withNaAMPS and AMPTAC. FT-IR:Typical
terpolymer:ATASAM 15-15,N-H 3515-3200cm"_(s);C-H 2933 cm"_.(m);C=O
1674-1658cm"_(s);S-O 1208cm"_(s).IscNMR: ATASAM 15-15,AM C=O
181.1ppm; AMPTAC C=O 179.2ppm; NaAMPS C=O 178.0ppm; ChainCH
45.0ppm; ChainCH2 38.0ppm; Quat CHs 57.1ppm; Gem CHs 29.5ppm.

Terpolymer Characterization

Terpolymercompositionsweredeterminedfrom_3CNMR by integration
ofthearnidecarbonylpeaks_2.18CNMR spectrawereobtainedusing10wt/wt
% aqueous(D20)polymersolutionswithDSS asthereference.FT-IR spectra
were acquiredusinga Perkin-Elmer1600 SeriesFT-IR spectrophotometer,
Molecularweightstudieswereperformedon a ChromatixKMX-6 Low Angle
LaserLightScatte,ringinstrument.Refractiveindexincrementswere obtained
usingaChromatixKMX-16 LaserDifferentialRefractometer.Forquasielastic
lightscatteringa Langley-FordModelLF1-64channeldigitalcorrelatorwas
usedinconjunctionwiththeKMX-6. Allmeasurementswereconductedat25°C
in1M NaCl.

Viscosity Measurement

Stock solutions of sodium chloride were prepared by dissolving the
appropriate amount of salt in deionized water. Polymer stock solutions were
made by dissolving a specified amount of polymer in _:_lvent from these salt
solutions. The solutions were then diluted to required concentrations and
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allowedtoagefortwo tothreeweeksbeforebeinganalyzedwitha Contraves
LS-30 rheometer.Triplicatesampleswere preparedofeachconcentrationto
reduceexperimentalerror.Intrinsicviscositieswere evaluatedusingthe
HugginsequationTM.

Resultsand discussion

The ATASAM terpolymerswere synthesizedby varyingthe ratioof
AM:NaAMPS:AMI_AC from99:0.5:0.5to70:15:15tool% inthefeed.Reaction

parametersandtheresultingcompositionsforthepolymersaregiveninTable
I.The number appendedtotheacronymATASAM referstotheconcentration
ofNaAMPS andAMPTAC inthefeedrespectively.Thisseriesdiffersfromthe
previouslystudiedADASAM seriesinthatAMPTAC replacesAMPDAC asthe
cationicmonomer.The quaternaryammonium ofAMPTAC hasbeenshown to
providea hydrolyticallystablecationicmoiety which remains charged
regardlessofsolventpH s'_.

ComvositionalStudies

Terpolymer compositions were determined by the integration of
acrylamido carbonyl peaks obtained from 13CNMR. This method gave the tool
% AM, NaAMPS and AMPTAC in the terpolymers with the exception of
ATASAM 0.5-0.5 and ATASAM 2.5-2.5 which were assumed to have
compositions equivalent to their feed. Previous studies of acrylamide
copolymers with NaAMPS or AMPTAC showed low concentrations of charged
monomers in the feed provided random incorporation regardless of the
conversion 2'_1J4.The terpolymerizations were terminated at low conversion (<
30 %except for ATASAM 0.5-0.5) as an added precaution against compositional
drii_. Relatively good agreement between the feed compositions and the
terpolymer compositions is shown in Table I.

Intheseterpolymerizationsitisunlikelythatthechargedunitsexistin
pairsalongthe polymerchain. Previousstudieshave demonstratedthat
additionofsodiumchloridelowersmonomer-monomer and monomer-polymer
electrostaticinteractionsduringpolymerization2'_5'Ie,A similarshieldingeffect
wouldbeexpectedtoeliminatemonomer pairingthusproducingpolyampholytes
withchargedmonomers distributedrandomlyalongthepolymerchain.Itis
alsointerestingthatattemptstosynthesizethesepolyampholyteswithoutadded
electrolyteswerenotsuccessfulduetophaseseparationofthereactionmixture.

LightScatteringStudies

Classicaland quasielasticlightscatteringdatafortheATASAM series
are presentedinTableII.Molecularweightsrangefrom 2.78to6.77x 10e
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g/tool. Terpolymers with similar degrees of polymerization show decreasing
second virial coefficient (A2)values with increasing charge density. This trend
is consistent with that of recently prepared sulfobetaine copolymers of
acrylamide with the zwitterionic monomer 3-(2-acrylamido-2-methylpropane.
dimethylammonio ).1-propanesulfonate s4.

The mean polymer diffusion coefficients (Do)and hydrodynamic diameters
(do) are consistent with degrees of polymerization and As values. Decreasing
solvation is indicated by decreasing As, lower do, and larger Do values. The
terpolymer ATASAM 5-5 has a degree of polymerization similar to ATASAM 10-
10 but has greater As and d, values.

yiscometric Studies

The dilute solution behavior of the ATASAM series was studied in
relationship to copolymer composition and added electrolyte "concentration.
Apparent viscosities of the polymers were measured at polymer concentrations
below C' using a Contraves LS-30 low shear rheometer. The solutions were
aged two to three weeks to allow complete solvation. Intrinsic _dscosities were
calculated using the Huggins relationship.

Effects of Terpolymer Composition
The terpolymers with approximately balanced molar concentrations of

NaAMPS and AMPTAC exhibit polyampholyte behavior. ATASAM 5-10
displays polyelectrolyte behavior as a direct result of the charge imbalance. F_r
ATASAM 0.5-0.5 and ATASAM 2.5-2.5 the charge density is not sufficient to
produce major changes in viscosity, however slight increases in intrinsic
viscosity were observed with increasing salt concentration.

Effects of Added Electrolytes
The effects of sodium chloride on the intrinsic viscosities of the ATASAM

terpolymers were measured at a shear rate of 5.96 sec"_at 25°C as shown in
Figure 2. ATASAM 5-5 displays a dramatic increase in viscosity with the
addition of a small amount of sodium chloride. This is indicative of the
elimination of intramolecular interactions and the resulting coil expansion.

The terpolymers ATASAM 10-10 and ATASAM 15-15 display complex
behavior with increasing salt concentration. The presence of a small amount of
electrolyte is required to solubilize both terpolymers. A slight increase in the
ionic strength initially produces a decrease in intrinsic viscosity, likely due to
the elimination of intermolecular molecular interactions with increasing ionic
strength 2'7. As the ionic strength increases further, the intrinsic viscosities

!
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increase as intramolecular interactions are reduced and chain solvation is
enhanced.

Figure 3 displays the reduced viscosity of ATASAM 10-10 as a function
of polymer concentration at three ionic strengths. Intermolecular interactions
exist in 0.05M NaCl as suggested by the large reduced viscosities above C'
(approximately 0.13 g/dL polymer concentration). Polymer aggregation is likely
occurring at low salt concentration. In 0.25M NaCI the reduced viscosities
above C" decrease as intermolecular interactions are disrupted. Remaining
intramolecular interactions in 0.25M NaCI are eliminated resulting in increased
reduced viscosity at 1.0M NaCI.

Conclusions

Synthesis of the ampholytic ATASAM terpolymers in NaC1 solutions
allowed the incorporation of charged monomers in equal amounts and in
random sequences. Molecular weights and second virial coefficients varied from
2.8 to 6.8 x 106 g/tool and 1.31 to 2.95 ml moi/g _ respectively. Solution
properties were studied as functions of terpolymer composition as determined
by mCNMR and ionic strength. Polyampholyte behavior was observed for the
polymer with as littl_ as 0.5 mol % of each charged group and became I
si_ificant when 7 tool %of each charged monomer was incorporated. ATASAM
5-5 displayed an 80 % increase in intrinsic viscosity in 1M NaCI compared to
deionized water. At 12 and 15 tool % incorporation of each charged monomer,
the solution behavior was complex with increasing ionic strength. These
polymers were insoluble in deionized water but dissolved in 0.05M NaC1.
Increasing the ionic strength to 0.1M NaC1 led to a decrease in intrinsic
viscosity, the result of elimination of intermolecular interactions, i.e.,
aggregates. Further increases in ionic strength led to disruption of
intramolecular interactions; and an increase in intrinsic viscosity.
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Figure 8-1, Structures for the monomers Acryla_de (AM), Sodium 2-
Acrylamido-2.methylpropanesult'onate (N_S), 2-
AcrylamJdo.2.methylpropanetrimethylammonium Chloride
(AMT_AC),and 2.Acrylamido.2-methylpropanedimethyl-
ammom_ Hydrochloride(AMPDAC).
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ATASAM terpolymers determined at 25°C at a shear rate
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CHAFFER 9 : POLYMER SOLUTION EXTENSIONAL BEHAVIOR IN POROUS
MEDIA

Introduction

Considerable efforts have been undertaken to define the flow properties of
polymer solutions through porous media. Both the shear and elongational viscosity
properties of high molecular weight polymer solutions in a porous media must be
characterized as a i_anction of macromolecular structure and solvent-polymer
interactions so that mobility performance for a polymer reservoir injection can be
optimized.

FlowThroughBeds ofPackedSpheres

Dimensional analysis has been used to define the major parameters controlling
the flow resistance or mobility of a polymer solution through beds of uniform spherical
particles. Dimensionless groups have been used to show correlation between
parameters. The bed Reynolds number, NR., and fluid friction factor, f, are defined as

vdp
_Vj_@ I ......

TI,(1 -_) (1)

d_ 3 A Pf z (2)
v2(1 _ AI

Withinthesetwodimensionlessgroupsthenatureoftheporousmediaisgivenbythe
diameterofthesphericalparticles,d,forminga bedhavingporosity,_. The driving
forceforfluidflowthroughthebedisgivenbythepressuredropperunitlengthofbed,
AP/A_.Flow conditionsthroughthebedaredefinedby theaveragefluidvelocity,v.
Thisvelocityisbasedon thecrosssectionareaofan empty bed. The fluidvelocity
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within the pore channels comprising the bed would be the empty bed velocity divided
by the bed porosity. Solution fluid properties of shear viscosity, _,, and density, p, are
also used in the dimensionless groups.

Newtonian Fluids

The N_ establishes flow conditions and the friction factor is a measure of fluid
resistance at the given flow conditions. For Newtonian fluids, such as water,
experimentation has found that l

A = 175 + 1.7SN_, (4)

Non-NewtonainFluids

When the Newtonian fluid contains large water-solublepolymers the
relationship described by equation (4) is not valid. At a critical flow condition the
polymer coils within the solvent passing through the porous media begin to elongate
and produce additional resistance to flow. This resistance due to polymer coil
elongation is called the solution elongational viscosity, TI°. At certain flow conditions
the resistance due to the solution's elongational viscosity can be two or three orders of
magnitude greater than that due to the shear viscosity.

Dilu_ Polvmer Solution Behavior i

Usually a polymer coil starts to elongate when the product of its response time,
z, and the elongation rate, r, equal 0.1. This dimensionless product is called the
Deborah Number, s Nv,

No, = (s)

The fluid elongation rate is the change in fluid velocity with respect to direction of
flow. For a porous media of spheres the elongation rate is dependent on the fluid
velocity and bed porosity.

pfvf2 _v (4)
d

The coil response time, z, can be estimated from the intrinsic viscosity of the polymer,
[11]and the polymer's molecular weight, M.
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n,[n]u
= -------- (7)

RT

Inequation7,R and T arethegaslawconstantand temperature,respectively.

The magnitudeoftheDeborahnumber isa measureofa polymercoirsability
toreactbyextension(itsresponsetime)toagivenflowcondition(thefluidelongation
rate).The degreeofcoilextensiondependsupon theDeborahnumber. When the
Deborah number ismuch lessthan one,minimum coilextensionisexperienced.
However when theDeborahnumber isgreaterthanone,thecoilisfullyextended.
This extensionfollowedby a relaxationto a random coilstateconvertskinetic
energytoheatandtherebyincreasesresistancetofluidflowthrougha porousmedia.

At Deborahnumbers greaterthan one,a maximum flowresistancehasbeen
reportedby Dursts. The maximum frictionfactorobservedby Dtfrst,frn,when
compared tothesolventfrictionfactor,fs,isdefinedby equation8 fora solution
containingpolymercoilsatconcentration,C,whichhaveN number ofmacromolecular
sub-elementsinthecoilcapableofcontributingtotheelongationofthecoil.

2/3
.fro-fs I (s)

The numberofmacromolecularsub-elementscanbedeterminedifthepolymer'srepeat
_ unit (monomer) molecular weight, M_ and the length of the repeat unit, Qo,are known.J

2/3 ./_f4/3 (9)

In equation 9, • is the Fox-Flory constant 4.

Combination of equations 8 and 9 shows how macromolecular structure (coil
size, capacity to elongate, monomer influence, concentration and polymer interaction
with solvent) should affect the maximum fluid flow resistance experienced when a
polymer solution is forced through a porous media. Note that the maximum mobility
change per volume fraction of polymer coils in solution, (fm " f.)/(fo[TI]C) -" *m_,
predicted by equation 10 is a product of a constant, (_4/[50e Ae]) ts, the contour length
of the macromolecule, (QoM/Mo)¢_, the hydrodynamic size of the coil, (MIni) zs, and the
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number of polymer coils per unit volume of solution [AC/M]_.

*=u f, [TI]C 50CAs "_o ([11]ef+ [_ ]C _ 10)

Inequation10,A isAvogadro'snumber.Thisequationwas developedfordilute
solutionsoflinear,non-associationpolymercoilswhichelongateasfinitelyextensible
non-linearelasticsprings5. A dilutesolutionexistswhen thevolume fractionof
polymerinsolution,[rl]C,islessthanabout0.50.

Equation10 givesthemaximum expectednormalizedmobilitydecrease,(fro"
f.)/(f.[_i]C)-=_m_,fora polymersolutioninwhichthernacromolecularcoilsarefully
expanded.As previouslydiscussed,theamount ofcoilexpansiondependsupon the
Deborahnumberdevelopedwithintheporousmediaproducedbytheflowfield.Data
publishedbyDurstsusinghighmolecularweightpolyacrylamideinaqueoussolutions
suggestthedependenceofsolutionmobilityontheDeborahnumber canbe givenby

l+e
o (11)

$ =_..u S

where, = (fp-f.)/(f.[_]C)and fpisthefrictionfactorofthepolymersolution.When
allpolymercoilsinthesolutionexperiencefullextension(N_>I)thenfp=fm and, =

max'

ComparisontoPorousMediaFlow Data

Equation 11 containsadjustableparametersl_and o. Values forthese
parametersprobablydependuponthevariationoftheporousmedia structureand/or
the distributionofpolymercoilsizesfoundinthesolution.Figure9-1showsgood
agreementbetweentheDurstexperimental,valuesand the, functiongivenby
equation11.

Equation11canbesimplifiedby expressingitas

C
= $=ffiffi (12)

where_ isthenormalizedsolutionmobility,_m_ isthemaximum mobilitychangeper
volume fractionofpolymercoils,and _ isan exponentwhichcontrolstheextentto
whichthemaximum mobilitychangeconditionsdevelop._m_ isa functionofpolymer
molecularpropertiesand concentration.The exponent_ isdefinedby equation13.
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I_ = (13)
2

Application to Sandstone Porous Media

We will now expand the above analysis to polymer flooding in sandstone
reservoirs. These reservoirs have porosities, 4_,which range from 0.1 to 0.4 and
permeabilities, k, which vary from 1.0 x 10"_°to 3.0 x 104 cm_ (10 to 3000 rod). For
many sandstone reservoirs, _ can be related to k in the following manner.

4, = a + b log k (14)

The parameters a and b vary with the particular reservoir. Woodbrine sandstone
values for a and b are 0.465 and 0.025, respectively, where k is expressed in cm2
dimensions, e

Although a sandstone reservoir is composed of compressed or consolidated
sand particles, this porous media can be roughly characterized by an average sand
sphere diameter, d. This diameter can be estimated from _ and k values of the
reservoir using the Kozeny-Carman relationship. _

1 - 4, _ 180k (15)
d me

4, ....4,'

The reservoir characteristic particle diameter, d, can be used to estimate
the extension rate, F, for a fluid forced through the media at velocity, v. As previously
discussed,

p = .._ v_. (16)
4, d

The fluid velocity in the porous media, v, varies with distance from the wellhead. For
cylindrical wells having volumetric injection rates Q through a pay length of L, the
local fluid velocity at radial distance r can be calculated.

v . ,,Q (17)2arL

Combination of Equations 15, 16 and 17, shows that the fluid extension rates in
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sandstonenearthewellheadcanbedeterminedby

@..... (18)P = s'rL'(QI'' _)' 360k

If one uses a relationship such as Equation 14 to define porosity in terms of
permeability, then the fluid extension rate is a function of only well injection rates,
Q_, reservoir permeability, k, and radial distance from the well, r.

ModelPredictions

The above relationshipwas used with Equation 12 to model the
approximatenear wellreservoirresistanceto injectionofhigh molecularweight
polyacrylamidesolutions.Usingthismodel,Figure9-2was constructedtoshow the

solutiontosolventfrictionfactorratios,fJf_asa functionofpolymermolecularweight,
M, solutiondimensionlessconcentration,[_]C,reservoirpermeability,k,and radial
distancefromthewellhead,r.A constantinjectionrateof20barrelsperdayperfoot
ofpaythicknesswas usedtoconstructthisfigure.

ExaminationofFigure9-2revealsthefollowing:
1. Extensionofpolymermolecules,and thus significantincreasedfluidflow

resistance,occursverynearthewellhead.
2. The totalfluidflowresistance,whichisproportionaltotheareaundera curve

increaseswithpolymermolecularweight(compareconditionsA toC and B to
D),polymerconcentration(compareconditionsA toB and C toD) and lower
reservoirpermeabilities.

3. Completepolymerextensionand thus,maximum fluidresistance,caneasily
developnearthewellheadusingtypicalinjectionconditions.Thisisshown by
theflatteningofthecurvestozeroslopeunderconditionsC and D.

4. AlthoughnotshownbyFigure9-2,an increaseinwellheadfluidinjectionrates
magnifiesfluidflowresistancesignificantly.

The aboveanalysiswas done forinjectionofdilutepolymersolutions
([_]C< 0.50).Many oftheargumentsusedtodevelopthisextensionmodelareless
accurateorinvalidas polymerconcentrationincreases.Usually,injectedpolymer
floodingsolutionsare much more concentrated([TI]C>> 0.50). Under more
concentratedconditions,fluidresistancedue topolymercoilextensionisexpectedto
be much greater.Inaddition,injectionconditionsusingconcentratedsolutionscan
degradethe polymerbecauseextensionalforcesexceedmacromolecularcovalent
bondingforces.8
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Concentrated Polymer Solution Behavior in Shear

As previously noted, the polymer solutions used for enhanced oil recovery are
almost always injected at high concentrations. Usually the dimensionless
concentration, (the product of the polymer's intrinsic viscosity, [_], and the polymer
concentration in solution, C), is greater than 0.50. Under these conditions considerable
overlap exists between individual macromolecular coils and the resulting
entanglement between coils greatly affects solution theological behavior. Solutions of
entangled polymer coils have greater shear viscosities and much greater elongational
viscosities than dilute polymer solutions.

The shear viscosities of typical concentrated polymer solutions show
pseudoplastic or shear thinning behavior where the apparent shear viscosity, TI,,
decreases with shear rate, _. This behavior can be expressed using a power law
relationship of the form

1]_ = mq[ X" 1 (19)

where the solution's apparent shear viscosity, TI.,is equal to the product of the fluid
shear rate,-_, to the power X - 1 and in which m is a material constant (the consistency
index). The shear rate experienced by a power law fluid flowing in a porous media
having permeability, k, and porosity, ¢, can be estimated from the following
relationship:

: 3,,(3x.!)
(l$OX 2k4))m (20)

where v is the fluid velocity through the porous media. In addition, the Reynold's
number, N_ and friction factor, f, for flow of a power law fluid of density, p, through
a porous bed made of particles having diameter, d, can be given byg

12 dX v 2-X p t_2x

150m (1-,_ r 9+_ ,2

9+ d4)34)z-_ Ap

f=, (22)
12v 2 p(1 -,)2-xA !
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In equation 22, AP/A Qis the fluid pressure loss per unit length of porous _'_edia. If A
equals the product of N_ and f then

¢bSd 1"x AP
A - ............... (23)

(I -_)_ my= 6 1

As previously discussed, the Ns, establishes flow conditions and the friction
factor is a measure of fluid resistance at the flow conditions. Experimentation
indicates that

A = 175 + 1.75NR. (24)

is a good predictor of a power law fluid's flow behavior in a porous media provided the
fluid has simple Trautonian extensional viscosity properties. A fluid is a simple
Trautonian if its extensional viscosity, TI_is always three times its shear viscosity, i.e.
TI,= 3_,. Polymer solutions are non-Trantonian and therefore the above relationships
are not valid but must be modified.

Concentrated Polymer Solution Behavior in Extensional Flow

Polymer solutions are not simple Trautonian fluids. They can have extensional
viscosities which vary with the fluid extension rate. This phenomena is magnified
when the solutions are concentrated, [rl]C > 0.50, and pass through a porous media
where the flow field has a significant extensional strain component. The extensional
flow strain, e, is the product of the extension rate, F, and the time of extension, t.

G ffiPt (25)

For flow through porous media composed of packed spherical particles having
diameter, d, the following relationships exist:

l_ ffi _ e (26)
d

and

t = _ (27)
2u
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Equations 26 and 27 are only approximate, average conditions, but if we accept these
averages, the fluid traveling through the porous media has an extensional strain which
is a constant, regardless of the extension rate and is probably equal to 1//'2.

This is an important conclusion because it implies that the fluid extensional
strain is independent of both porous media particle size and fluid volumetric flow rate.
Note that when the extension rate is high, the time of extension is low, and vice versa.
This fact imposes constant fluid extensional strain conditions for porous media
composed of spheres.

When polymer coils in solution experience an extensional flow field, the degree
of coil extension into a stretched state depends upon both its extension rate and time
of extension. If its extension rate is below a critical value, F', little or no coil extension
occurs. F" is inversely proportional to the polymer coirs response time, z, which is a
function of polymer properties. As previously discussed, when the Deborah Number
(Nv, ffir z) increases to unity, r > r*, then full coil extension would occur provided that
the time of extension is large. If the time for extension is insufficient then full polymer
coil stretch will not develop regardless of the magnitude of the extension rate. When
polymer stretch is absent or _nimized the solution would have a much lower
resistance to flow through the porous media.

Denn and Marucci Extensional Flow Model

Denn and Maruccihave developeda modeltoestimatea polymersolution's
extensionalbehavior,m This modelwhich incorporatesextensionrates(Deborah
Numbers)andtimeofcoilextensioncanbeusedtodevelopthefollowingrelationship
tofindtheDurstnormalizedsolutionmobilityparameter,_.

= Jl-m-C-D (28)

where
A ffi1/{C [q] (1 - 2N_.) (1 + ND.)}
B ffi2 exp [(2ND.- 1) t/z] / {C [_} (1- 2N_) s}
C = exp [-(N_ + 1) t/z] / {C[Vl] (1 + N_) s}
D =1/{0

Thismodel,when used_dththeDurstpublisheddatasforpolyacrylamidesolutionflow
througha bed ofpackedspheres,gavea roughfitofthefluidbehaviorobserved.
Figure9-3showsa fitoftheDurstexperimentaldataand themodel.The extensional
strainoftheDenn and Maruccimodelwas adjustedto[,dvea bestfittothedata.The
extensionstraindeterminedbythisproceduregavea vaiueof2.1.Thisvalueisthree
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times greater than the maximum expected macromolecular extensional strain of 1//_.
Thus we can conclude that the Denn and Marucci model is not consistent with the
expectation that polymer coil extension during flow through a porous media of
spherical particles is restricted by the time of extension. This is not logical and
implies that this model is insufficient in simulating polymer solution extensional fluid
flow behavior in porous media.

Cor_clusion

Two theoretical models for explaining polymer solution extensional flow
resistance in porous media have been reviewed. The Durst model was rearranged to
reveal what macromolecular parameters are important in producing solution
resistance in an extensional flow field. However this model predicts a maximum fluid
resistance which is larger than observed. Empirical fitting parameters had to be
introduced for this model to be consistent with experimental data. The model
inadequacy is probably due to its failure to correctly incorporate the cyclic and limited
extensional strains experienced by macromolecules when flowing through The
contracting and expanding channels of typical porous media. Unfortunately when the
Denn and Marucci model was analyzed using porous media extensional flow data, it
predicted a macromolecular extensional strain that is excessive and is inconsistent
_th logical expectations. Thus although both models are based on valid theoretical
assumptions and explain some aspects of fluid flow extensional resistance, they are
inadequate in explaining all porous media fluid flow resistance properties under all
experimental conditions.
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Figure 9-I, Mobility Plot for PAM in 0.5M NaCI
Parameter Valuea

Symbol De,,crlptlnn _............... V_lue Dimension,*

M- Polymer tool. wt. !0.71 x 106 g/tool

lo- Monomer length 2.51 x I0 "8 cm

Mo- Monomer mol. wt. 71 g/tool

• - Fox-Flory constant 2.8 x I023 1/mole
C- Polymer concentration 25 ppm

[_I]- Intrinsic viscosity 2200 cm 3/g
Iz- Error function fit parameter 0.31
o- Error function fit parameter 0.20
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Figure 9-2

Predicted polyacrylamide dilute solution flow resistance in
_ical Woodbrine sandstones near a 6 inch diameter wellhead
at injection rates of 20 barrels per day per foot of pay.
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Figure 9-3, Mobility Plot for PAM in 0.5M NaCI

Parameter Values

Symbol Description Value Dimensions

M- Polymer tool. wt. 10.71 x 106 g/mol

1o- Monomer length 2.51 x 10-8 cm

M o- Monomer tool.wt. 71 g/tool

•- Fox-Floryconstant 2.8x I023 I/mole
C- Polymer concentration 25 ppm

[11]- Intrinsic viscosity, 2200 cm 3/g
e- Extentional Strahl 2.1

184 _u.s. GoveanmenTr_,ntlnG omce_ ,_,-s_,_Jo1_r_3






