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We study polymer reaction kinetics at interfaces. The interface of widtitcrements the effective
dimensionality by 1: Rate constarkobey scaling laws as for 4-dimensional bulk reaction problems.
For groups with small reactivityQ, k ~ 2 and is independent of molecular weight For large
Q, k ~1/InN andk ~ 1/N InN for unentangled and entangled polymers, respectively, with vireak
dependence. Consistent with recent experiments, wekfis@xponentially suppressed when copolymer
product attains surface densities above a critical lewglt ~ 1/N'/2.  [S0031-9007(96)00022-1]

PACS numbers: 82.35.+t, 61.41.+e, 68.10.—m

Recent years have witnessed a surge in research athe systems above, for example, we would like to pre-
tivity in polymer interfacial science. As many bulk dict how rapidly interfacial copolymers accumulate and
polymer questions have been resolved, so attention hd®w this reaction rate depends on polymer molecular
increasingly focused on issues such as density profileseights, functional group reactivity, and surface density
and chain configurations at polymer surfaces [1], theof copolymer product. More generally, reactions of this
bulk-surface exchange kinetics [2] which generate thesgype provide a fundamental probe of polymer interfacial
interfacial phases, and the modification of surfaces tgroperties which is redundant without a rigorous the-
endow them with special properties which are importanbretical basis. The principle conclusions of this work
in a range of biological [3] and industrial [4] applications. are as follows. First, we find that the presence of the
Much of this work has addressewlymer-polymeiinter-  interface, as for small molecules [15], increments the
faces [5]. A topic of intense current interest and majoreffective spatial dimension by 1: reaction rates obey
technological importance [6] is the adhesive strength of ascaling laws as for &our-dimensionalbulk reaction
interface separating two immiscible polymer phases [7,8]system. This leads to weaker molecular weight depen-
say,A andB. The aim has been to understand how inter-dencies. Second, there is a critical surface density of
face structure determines strength and how this strengttopolymer product above which reaction rates become ex-
is enhanced [8] by bridging the interface with naturally ponentially suppressed. This has important implications
surface-active species such4&® copolymers [9]. for reactive blending which we discuss later.

By far the most effective method of generating bridg- Let us begin by briefly reviewing polymer-polymer
ing copolymers is througlthemical reactionsof func-  reaction kinetics in bulk melts. Note that the rate constant
tionalized bulk chains at the polymer-polymer interfacek, which relates the reaction rateny = —np = knanp
(see Fig. 1). A substantial experimental effort has atto the bulk number densities, andnp of reactive chains
tempted to establish how properties of the reactive poly-
mers determine interfacial characteristics such as strength
[10-13]. Compared to simple admixing of copolymers,

chemical reactions generate stronger interfaces [13] and &

more effectively enhance mechanical blending of thermo- mé” Cy
dynamically incompatible polymer species (see Fig. 2). aﬂ

This latter process (“reactive blending”) is widely em- S\f

ployed industrially to produce stronger and more finely n, §f\f\, n
mixed blends [11]. It remains a subject of debate as to

whether interfacial chemically produced copolymers gen- %%’4&

erate smaller droplets in nonequilibrium sheared polymer ® e

mixtures primarily through surface tension reduction (en- /ﬁf %
hancing droplet breakup rates) or through reduced droplet- -

droplet coalescence rates (see Fig. 2). h

In this Letter we develop a basic theory of irreversible ,
polymer-polymer interfacial reaction kinetics. While a F!G: 1. Two polymer melt bulks, separated by an interface

th lete th tical pict foulk fi h of width h, contain end-functionalized reactive polymers at
rather complete theoretical picture Toulk reaclions has  yensitiesn, and n,. The reactive groups can meet in the

by now been assembled [14], the interfacial problemnterfacial region only. Each reaction produces/sh diblock
has been analyzed for small molecules [15] only. Incopolymer at the interface.
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5 . : T scale motion(r < 7) guarantees reaction if ever the coil
a volumes of a reactive pair should overlap. For a general
s§4| (a) v spatial dimensiorn/, the MF and DC results generalize to
S k =~ Qa? andk = R?/r, respectively.
Es} 1 How is this bulk picture modified by the introduction
2 v of an interface? That is, suppose theand B polymers
L2 1 are now immiscible and their reactive groups can meet
%_ v only in a thin interfacial region of thickneds(see Fig. 1).
o1l¢t vV v 1 It is conceptually helpful to consider first the genedal
a ®  e.00 0000 dimensional problem. Consider a pair of chains, dne
qo-z 10" 10° 10' 10 and oneQ, in their respective_ pulks. Thé_m coordinates
PS/PSMA concentration (weight %) are rgqmred to label the positions of their fend groups. _BL_lt
reaction requires that these groups are in contact within
- : T the (d — 1)-dimensional interface: this situation corre-
Tg 12 | (b) ] sponds tod — 1 (_:oord_inates. The effeptive dimension-
o ality of the reaction-diffusion problem is the difference
g 10 ¢ 1 2d — (d — 1) = d + 1. Thus, our three-dimensional in-
E o8t e ] terface problem is like a four-dimensional bulk problem
(4] . - N ;
N 06| ° ] In fact, this is already hinted at by the very definition of
- + o k,
204} ]
[=3 + o 9
g 0.2 .Ou+ .OD * % M 1 % = knAnB N (1)
dt
00 ¢ 10° 10' 10° wherep, is the surface density of-B diblock copolymer
EP/EP-MA concentration (weight %) product. Hence has dimension&*/¢ which are indeed

FIG. 2. Reactive blending measurements by Sundararaj a the dimensions appropriate to a four-dimensional bulk
Mac.os.ko, Ref. [11]: droplet size vs dispersed phase conce yroblem. - This simple argument suggests th"’_‘t the MF
tration. Blending at 20€C for 12 min. Maximum shear rate (Small Q) and DC (large Q) results are, respectivelys

65 sec!. (a) Figure 10 of Ref. [11]. Polystyrene-maleic an- Qa* andk = R*/7. In fact, we will see below that this
hydride (PSMA), dispersed in polyamide-6,6 (diamino func- MF expression is correct only for the particular case:

tional). MA and amine groups reac®: PSMA, mol wt225k, a; more generally, we findk =~ Qa3h. Turning to DC
17 mole % MA,; <; PSMA, molwt 185k, 1.5% MA; V: 0% N | )
MA (nonreactive PS, molw200k). (b) Figure 8 of Ref. [11]. kinetics, unentangled polymers are known to obey Rouse

Ethylene-propylene (EP) or ethylene-propylene-maleic anhydynamics in the melt state [19,20], ~ N?, whereas the
dride (EP-MA), molwt84k, dispersed in polystyrene (PS) or reptation model [19,20], describing polymers sufficiently
polystyrene-oxazoline J(PS-Ox), mol@00k. @: PS/EP-MA  |ong to be entangled, leadsto~ N3. Noting that simple
(”?”rﬁﬁ%“;‘g /SI{’/IS'EE"_WF;S?ESI;OX/ EP-I\t{IQI.(regcglve)(j, d%% 2’|;|re‘k random walk statistics are recovered in the melt state due
act With . e T compatpilized by adding diblocK +4 screening [19]R ~ N'/2, we conclude thak ~ N°
copolymer;+: PS/EP with added triblocks. .
(independent ofV) and k ~ 1/N for unentangled and
entangled chains, respectively. These are substantially
weaker than the corresponding bulk dependendies,
_ - 1/N'2 and k ~ 1/N*?2. In the following we out-
of typesA andB, has dimensions” /7 (L, t denote length,  |ine more formal arguments which reproduce these naive
time). Throughout this Letter we treat the simplest casegnclusions to within factors of Ii.

where each reactive polymer carries one functional end Consider a pair of chains, oné and oneB, whose
group whose reactivity i§), andA and B chains are of reactive ends are at,, r,. The pair correlation function
equal molecular weighV. It has been shown [14,16] that p, satisfies

for small 0 mean field (MF) theory is valid. Theh is .

proportional to the equilibrium contact probability of the _ 3 / /
functional end groups of a reactiveB pair and involves Pilva:r) = Peg(rers) = Qa fo dat f dr

the small local scalesk = Qa* wherea is the group X Gyop(ta,tp ¥ F)P(E F),  (2)
size. For largeQ reaction kinetics are quite different;

k =~ R3/7 then involves the large polymer scalRsthe  whereG,(r,,r,;r’,1;,) is the probability (in the absence
coil size, andr the longest relaxation time. Doi [17] of reactions) ofr,,r, at time ¢ given initial locations
and de Gennes [18] discuss how the formkofn this  rl,r,. P, is the equilibrium distribution. The reader
diffusion-controlled (DC) regime reflects the emergences referred to Refs. [18] and [16] for detailed discussions
of R as an effective reaction radius because small timef the analogous relationship for bulk reactions. From
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Eqg. (2) we can obtain the reaction rate as the total numbewhere Q* = ¢, '(a/h)(N/N,)In[R/b] ~ 1/NInN and
of A-B chain pairs multiplied by the rate per pair. This ; — 4N/ is the entanglement length scale [20].

latter is the time derivative of the normalization Bf These results should be contrasted with the Weak|y
We thus find reactive caseQ < Q*. In all cases, Eq. (3) gives the
= Qa’h same MF result from whiclv dependence vanishes,
1 + Qa® f;o dt S(1) ’ ko~ Qa3h (0 < Qﬂ) @)
h = f dx Peq(r,1)/Pac (3) All of our conclusions above concern the earlier stages
—o of the reaction process when the surface densityf A-B

where thex direction is orthogonal to the interface and diblock product is low. But when the interface becomes
our definition ofx involves the value oP. far from the  sufficiently crowded with diblocks, one expedtsto be
interface,P.. = 1/(V4V3g) whereV, (V) is the volume diminished as less and less free interface area becomes
of bulk A (B). The crucial object here is the time integral available for reactive bulk chains to access. We anticipate
of the return probability [18]S(z) = [ dr G,(r,r;0,0).  this effect to become strong when the diblocks form a
S(r) is the probability that a pair of reactive groups, stretched brush [22,23] whose heightis must greater
given to be initially in contact, have returned to thethanR (see Fig. 3). Let us calculate the mean number
interface and are again in contact at timeéWe emphasize of A-B homopolymer pairs per unit areg, ", which
that S(r) describes chain dynamiegithoutreactions; this  succeed in penetrating the brush (one from either side)
stems from Eq. (2) which relates the reactiFeto the  such that their end groups are in contact at the interface.
nonreactiveP., andG;. We imagine switching reactions off, and then we calculate

To deducek we must evaluateS(r). Now for d-  this equilibrium quantity. These pairs constityte "
dimensional bulk dynamics it has been shown [17,18}emporary diblocks in the brush in addition to the
that S = 1/x{" wherex, is the rms displacement of a permanent members. One can show that their chemical
reactive group. That is, the return probability is simply hotential, w5, is dominated by the stretch energy (see
proportional to the inverse volume explored by eithesr  Ref. [23]) ~kT(L?/R?) per diblock, wherekT is the
B group, since their exp!oranon V(_)Iumes are 9°mpletelythermal energy:ufglp/kT - mp;emp +OL2/R + ...,
oyerlapplng. When the mterfacg is presefiy) is very where higher order terms are omitted. The equilibrium
Q|ﬁerept becayse thgse exp.loratlon volumes overlap onl¥‘,jllue of p;emp is determined from the relatiom, +
in the interfacial region of widttk (each group heads off temp . .

B = MAB where ua = Inny + --- is the chemical

into its respective bulk). Thus for times greater than th . i oA I
diffusion times dina td h potential of the reactive chams_ln bL_yhk _Slml!ar (emarks
fiusion imez, corresponding ta, we have apply to ug. We find thatk in this limit is, in fact,

- 4
S@) = h/x; (1> 1), (4)  dominated by this reduced equilibrium surface density,
which is reduced relative to the bulk value by the fractionthis being the driving force for reactions. Thus

of the exploration volumes;/x;, which is overlapping. . 2
The above time dependence is evidently that of a four- k~ pS™ ~expl—(ps/pi™)7}
dimensional bulk problem, in accord with our argu- (ps > pSit = 1/3N"24%), (8)

ments above. . _
Let us now specialize to unentangled melts where th&’here we have used the incompressibility of the brush,

short time behavior is Rousian [20%, ~ ¢4, crossing L = psNa’. We see that the reaction rate is exponen-
over to the standard Fickian form, ~ /2 at long tlally reduced when 1a/lzcntlcal diblock surface coverage is
timest > r. \Writing x, = Rf(1/7), where the scaling attained,ps™ ~ 1/NV/=.

function f has appropriate asymptotic power law forms,

we evaluate the time integral ¢f from Eq. (4) which is

dominated by > ¢,. For largeQ, Eq. (3) then yields

ko~ ———— ~ 1 (unentangledQ > Q%),

7 In(R/h) InN
(5) ~
where Q* =t '(a/h)In[R/h] ~ 1/InN is the MF—
DC crossover functional group reactivity.

A very similar calculation for polymers longer than the L>>R
entanglement threshofd, [21] gives FIG. 3. At sufficiently high surface densitiep,, diblock
R 1 1 . copolymers form a stretched brush whose heighs greater
~ (entangledQ > Q%),  than the unperturbed polymer dimensiBn= N'/2a. At such

7 In(R/b) N InN densities, reactive chains from the bulk cannot penetrate the

(6) brush. Correspondingly, becomes exponentially small.
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