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ABSTRACT: We use small-angle neutron scattering to characterize a polymeric hydrate inhibitor, poly-
(N-vinyl-2-pyrrolidone), adsorbed onto hydrate crystal surfaces. Gas hydrates are crystals in which water
molecules encage small molecules such as propane or methane. Their stability at temperatures above
the freezing point of water presents a significant challenge to oil and gas transport. Hydrate formation
can be kinetically suppressed by certain polymeric inhibitors, but little is known about the mechanism
of this effect. We measure a polymer coverage of 5 &+ 3 mg/m?, but on only a small (2%) fraction of the
available surface. Unlike the expected self-similar structure seen in other systems, this layer has the
unusual property of a thickness several times the polymer coil dimension. Therefore, most of the polymer
is not bound directly to the surface, suggesting the formation of surface aggregates. We speculate on the
role of these aggregates in the growth inhibition of hydrate crystals.

I. Introduction

Gas hydrates are ice-like crystals consisting of water
cages surrounding small molecules such as propane or
methane.! Enclathration of the small molecules is key
to the crystals’ stability, and depending upon the gas
pressure, their melting point can extend to tempera-
tures well above the ice freezing point. Because of this,
they crystallize in many settings where ordinary ice is
not stable. For example, there are many natural-gas
hydrate deposits on the sea floor associated with gas
seepage into cold ocean water.2 Similar conditions can
be found inside oil and gas transport pipelines, and
hydrate formation is a significant long-standing problem
for the oil industry.® The consequences of hydrate
formation inside deep-sea pipelines can be very serious.
It is possible for the pipeline to become permanently
blocked or for attempts to release the hydrate plug to
cause serious accidents: the solid plug can be propelled
through the pipeline by a high differential pressure.
These are sufficiently serious consequences that there
is great interest in preventing hydrate formation. In
addition to installing thermally insulated pipelines, a
common approach has been to add an antifreeze com-
pound, typically methanol, to lower the formation tem-
perature.® This approach has drawbacks such as the
requirement for high volume fractions of methanol (up
to 50 vol %) and the potential environmental impact of
spillage. There are also considerable costs associated
with supply and recovery of the methanol.

An alternative to thermodynamic suppression is
kinetic inhibition. Recently it has been found that
certain water-soluble polymers can Kinetically inhibit
hydrate formation.* Experiments show that, at the less
than 1 wt % concentration where these polymers are
utilized, there is little shift in the equilibrium hydrate
formation point. But they inhibit hydrate formation by
several degrees during continuous cooling and suppress
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crystallization for long time periods at intermediate
levels of subcooling. These laboratory tests were suf-
ficiently promising to encourage tests in actual pipe-
lines, where indications are positive.®

Despite these technical achievements, the mechanism
of inhibition remains unclear.®” From studies of polymer
conformation in dilute aqueous solution (at the concen-
tration of use), there is little to distinguish a hydrate-
inhibiting polymer such as poly(N-vinyl-2-pyrrolidone),
hereafter PVP, from a typical nonionic water-soluble
polymer such as polyethylene oxide, hereafter PEO.
Light-scattering studies show that both exhibit classic
“good-solvent” behavior.® Addition of small amounts of
hydrate-forming molecules such as tetrahydrofuran
(THF) do not alter this.® At higher polymer concentra-
tions, in the semidilute (chain-overlap) regime, PVP
does exhibit some anomalous solution behavior—a self-
aggregation occurs. These solution properties, though
unusual, are not obviously related to the inhibitor
function.

The characteristic features of polymeric hydrate
inhibitors are their ability to slow hydrate growth
velocity and alter the consequent morphology. Structure
Il hydrate crystals normally grow as faceted, nearly-
symmetric octahedra,' but upon addition of a hydrate-
inhibitor polymer they grow as plates.®!1 The aspect
ratio of these plates is large—crystals ~25 um thick can
form plates 1 mm across. This modification is surprising
because the platelike crystals are bounded by the same
eight, crystallographically equivalent planes as are the
octahedra. Thus, unlike conventional crystal habit
modifiers, which alter the crystal shape by suppressing
growth of a particular crystallographic plane, the in-
hibitor polymers apparently alter the growth in some
other fashion. For a platelike crystal this amounts to
either the suppression of growth on two parallel faces
of the proto-octahedra or the acceleration of growth on
the six bounding faces.

In a companion paper,’2 we present small-angle
neutron scattering (SANS) studies of THF/water hy-
drates grown in the presence of both inhibitor and
noninhibitor polymers. For the inactive polymers, such
as PEO, we found that the polymer remains in solution,
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Figure 1. Partial phase diagram for THF hydrates. We
include data from Hanley (ref 14) for the coexistence of THF
hydrates with liquid solution. The curves represent the liqui-
dus. Vertical solid line: 1:17 stoichiometric composition for
hydrates with a THF filling fraction of 1. Vertical dashed
line: composition used in our studies. Horizontal dashed
line: temperature used in our studies. In our experiments, the
solid fraction is approximately 0.5, as explained in the text.

apparently not interacting with the hydrate crystals. On
the other hand, inhibitor polymers such as PVP and
poly(vinylcaprolactam) (PVCap) show additional scat-
tering from an adsorbed layer. However, due to the
simultaneous contribution of several structure factors
to the measured signal, the amount of adsorbed polymer
could not be reliably determined.

In the present work, we select one of the active
polymers—PVP—for further study in a contrast varia-
tion SANS experiment. Contrast variation provides the
ability to isolate the various structure factors, allowing
us to independently measure the hydrate surface area
and total amount of polymer adsorbed. Thus, we are
able to measure details of the adsorbed polymer layer
that will lead to a better understanding of the mecha-
nism of crystal growth modification.

Il. Experimental Section

A. Sample Preparation. Several molecules can form
hydrates with water. In our studies, we use a solution of THF
in water. THF is convenient because it is a water-soluble liquid
and forms structure Il hydrates at a temperature of about 5
°C at atmospheric pressure. These crystals have a cubic lattice
with edge length a = 17.24 A and an idealized formula THF:
17H,0. However, the molar ratio need not be 1:17 over the
entire stability range. The THF/water hydrate has been
studied by two groups.®4 The earlier study concludes that
the filling fraction of THF is at least 98%, while the later study
places it at 99.9%. We use the latter value in our calculations.

For our experiments we utilize an off-composition molar
ratio of 1:25 THF to water, which allows us to create a partially
frozen slurry consisting of hydrate crystals and THF-depleted
solution. Figure 1 shows partial phase diagrams for THF
hydrates of both normal and deuterated water. The data points
are taken from Hanley'* and show coexistence conditions for
both hydrates with their respective liquids. The D,O hydrates
have an equilibrium melting point ~3 °C higher than that of
H,O hydrates. Not shown is a eutectic point at a composition
of <0.02 mol fraction THF.

We prepared samples with a 1:25 mole ratio of 99.5%
deuterated THF?!® (hereafter, TDF) to water. We varied the
D,0O level for our experiments over a range of 0.8—1 mole
fraction by mixing two such solutions, one containing D,0O%
and one H,O. Addition of 0.5 wt % polymer resulted in the
solutions used for the experiments. We chose poly(N-vinyl-2-
pyrrolidone) (PVP) as a typical hydrate inhibitor. Our PVP
sample was the same as that characterized by Sun and King®
and has M,, = 49 000 g/mol. The resulting solution composi-
tions are summarized in Table 1.

Once prepared, the solutions were transferred to standard
guartz banjo cells 0.5 cm thick and 2 cm in diameter. We added
a magnetic stir bar to each cell to allow agitation during
crystallization. Cooling to the desired temperature in a water
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Table 1. Compositions of Samples

mole ratio
monomer:solvent

mole ratio water
TDF:water deuteration

0.03992 + 0.00003 0.7946 + 0.0002 0.00100 + 0.00004
0.03993 + 0.00003 0.8994 + 0.0002 0.00101 + 0.00003
0.03993 + 0.00003 0.9575 + 0.0001 0.00100 + 0.00003
0.03993 + 0.00003 0.9788 + 0.0001 0.00101 + 0.00003
0.03993 + 0.00003 0.999 + — 0.00101 £ 0.00003

sample

O wWNE

bath produced partially frozen samples. Often, we needed to
nucleate the hydrate phase by locally cooling the sample with
a cold point. Continuous stirring during the freezing process
resulted in a roughly uniform distribution of crystals ap-
proximately 40 um across (as measured by optical microscopy)
surrounded by the TDF-depleted solution.” We then trans-
ferred the samples to a controlled temperature stage mounted
on the beamline.

B. Small-Angle Neutron Scattering Experiments. The
small-angle neutron scattering measurements were performed
at the Center for Neutron Research, National Institute of
Standards and Technology in Gaithersburg, MD. We measured
data over a scattering wavevector (q) range of 0.0025 < q <
0.2 A1, This was accomplished at the NG3-SANS beamline
using a neutron wavelength of 7 A and two overlapping g
ranges with sample—detector distances of 2.7 and 13 m.
Scattering signals Is were recorded by a 2D area detector. Data
reduction followed the procedure described in the NIST SANS
data reduction manual.'® Measured scattering from the empty
sample cell I; and background I, is subtracted via the formula

TS
e U &y

which accounts for attenuation of the scattered intensities by
both cell and sample according to their measured neutron
transmissions T, and Ts, respectively. The 2D I' data is then
corrected by a detector efficiency function and reduced to a
1D differential scattering cross section do(q)/dQ2 by circularly
averaging and referencing to a known standard.*®

11l. Results

A. Fully Deuterated Solvents. As previously dis-
cussed, we have performed similar scattering experi-
ments using fully deuterated solvents.?2 We summarize
relevant features of those experiments here. For the
polymer-free slurries, the observed scattering is well
described by a combination of the Porod scattering
function, which has a q=* dependence, plus a g-inde-
pendent background. Scattering from a polymer-con-
taining slurry gives a similar Porod contribution but
also exhibits significant additional scattering at higher
g values. In the case of a noninhibitor polymer, PEO,
we find that this additional scattering is well described
by a Debye-like form. Thus, the resulting scattering is
the sum of two terms: that due to the crystal surfaces
and that due to the polymer in solution. In the case of
inhibitor polymers, there are two significant changes
in the scattering from the slurry: First, the Porod
scattering amplitude is considerably larger than that
of the polymer-free or PEO samples. Second, the scat-
tering amplitude at high q falls off more slowly than
the Debye-like scattering seen for the same sample with
no crystals present (at a slightly higher temperature).
In the present work we utilize contrast variation to show
that this excess scattering, both in the Porod regime and
at higher g, arises from polymer adsorbed to the crystal
surface.

B. Contrast Variation. The scattering from a sample
in which polymer is partitioned between solution and
surface represents the sum of three independent struc-
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tures: Porod scattering from interfaces, Debye scatter-
ing from solvated polymer, and scattering from the
adsorbed polymer layer. For the case of an adsorbed
layer with no polymer remaining in solution, Auvray
and co-workers have modeled scattering due to the
interfaces and adsorbed layer as20:2%

Icoh(q) =
(ng - ns)zsgg(q) - Z(ng - ns)(np - ns)spg(q) +
(N, = nY*Spp(a) + B ()

where ng, ns, and np are the scattering length densities
of the solid, pure solvent, and polymer, respectively.
Here, Syy, Spg, and Spp denote the solid—solid, solid—
polymer, and polymer—polymer partial structure fac-
tors, and B is a background taken to be independent of
g—but not ns—over the g range accessible by our
experiment.

The structure factor Sgq is the well-known Porod
scattering from surfaces and has the form

Sporea(d) = 27(SIV)q ™ ®3)

where S/V is the interfacial surface area per unit
scattering volume (provided that q > 1/R, where R is
the radius of curvature of the surface—a good assump-
tion for our faceted crystals).

The polymer—polymer structure factor Sy, consists of
a term sensitive to the average profile [@(z)dof the
polymer layer (as a function of distance z from the
interface),

Spp(@) = 27(SIV)q 7| [ dzp(2)@' P> (4)

and a term S which takes into account local deviations
from the average profile.

Finally, the interference term Syq is proportional to
the Fourier sine transform of the profile:

Spe(d) = 27(SIV)q~° [ dzl(z) Csin gz (5)

Equation 2 neglects the scattering from polymer in
solution. Because the solvated and adsorbed polymer
scatter incoherently, the solution scattering term may
be simply added to the others in eq 2. We model this
scattering as the Debye-like structure factor

Steaucage(d) = Glexp(—a°R,%/3) + dL(d/2)/(Rya*)*]
6)

due to Beaucage,?? where g* = g/[erf(kqRg/+/6)]® with k
~ 1.06. Fitting our data to this form allows us to extract
the polymer radius of gyration Ry and the fractal
dimension ds of the polymer coils (an indicator of solvent
quality) from the data. The Guinier prefactor G is
approximately proportional to the concentration of
polymer chains, and I'(n) is the gamma function.

A powerful feature of neutron scattering is the ability
to vary scattering contrasts through changes in the
isotopic content. One can make use of this to extract
the partial structure factors of interest in eq 2. Through
a series of m experiments with different (known)
contrasts, m linear equations for the three partial
structure factors are obtained:
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(g = n? =2’ = nP)F’ = nf) () = n{)?

Mg = nd? -2 = OO - nd) (P —nd)® | x

(ng” = n{™? —2(n{" = nM)(g” = n{™) (¥ = n{")®

B®W |(1)(q)
S ()] :
5,4 |+ 80 |= {10 | )
Spp(a) : :

Bm |(m)(q)

Here, ng) is the scattering length density of component
o in experiment i. One then solves eq 7 for the structure
factors. This contrast variation technique has proved
useful for the measurement of adsorbed polymer lay-
ers.?!

We performed SANS measurements for five samples
(Table 1) with differing H,O/D,0 ratios, each containing
0.5 wt % of PVP. Since the scattering length density of
hydrogen is very different from that of deuterium, this
results in significant variation in ns and ng. Thus, we
have an overdetermined set of equations which we solve,
in the least-squares sense, for the individual partial
structure factors, using the method of singular value
decomposition (SVD).23

Our experiment differs in two important ways from
previous SANS studies of polymer adsorption.2124 First,
we form our surfaces by in situ solidification. Thus,
although the volume fraction?® of solid is fixed by the
temperature, the surface area is not a priori fixed and
could vary from sample to sample. Our experimental
procedure minimizes this variation by thorough stirring
of the slurries during crystallization. Confirmation of
the effectiveness of this is seen in our measurements of
the surface area through the Porod amplitude (see
Appendix A4), which indicate little variation among the
samples. Second, much of the polymer remains in
solution, resulting in a large contribution to the scat-
tering. Equation 2 must therefore be modified in two
ways. As discussed, we add a fourth term describing this
scattering. We must also adjust the solution scattering
length density, ns, to account for the presence of polymer
(see Appendix Al).

To solve eq 7, we need accurate estimates of the
contrasts in the coefficient matrix. We obtain these in
two steps. First, we use the scattering length densities
and concentrations of the materials in the prepared
samples to calculate the expected contrast, and then we
use experimental constraints to refine this estimate.
Details are included in the Appendix.

C. Contrast Variation Measurement of the Poly-
mer Solution Structure Factor. Armed with esti-
mates of the contrast factors, we can now proceed to
measure the structure factors. First, we consider scat-
tering from the polymer solutions at 7 °C. There are no
hydrate crystals present at this temperature, and
therefore no adsorbed layer, so the coefficient matrix
eq 7 simplifies to a single column (n, — ng)2 multiplying
the structure factor Spp. To solve eq 7, we require the
background vector B, which we obtain by extrapolation
of the high-q data for each of the five data sets. Solving
the simplified eq 7 yields the structure factor shown in
Figure 2. An indication of the accuracy of the decom-
position is that the resulting points show a smooth
variation with g although the SVD method imposes no
relation among the points.



Macromolecules, Vol. 33, No. 7, 2000

-20 3
Spp (X107 cm?)

Figure 2. Structure factor Sy, for polymer in solution at 7
°C. The curve is a fit to eq 6.

The fit to the Beaucage form (eq 6) shown in Figure
2 measures properties of the solvated polymer. The
resulting radius of gyration is Ry =82 + 5 A, similar to
the hydrodynamic radius Ry = 77 A determined from
dynamic light scattering.® The fractal dimension ds of
the polymer coils obtained from the fit is 1.77 £+ 0.05,
similar to the fractal dimension of a self-avoiding
random-walk value of °/3 ~ 1.67, which one would expect
for this good solvent system.2® We expect the amplitude
G of the polymer scattering to be approximately pro-
portional to the polymer concentration ¢ according to?’

G= c/ppZNA(WL + 2A2c) ®)
poly

Here, Wiy is the molecular weight of the polymer and
A; is the second virial coefficient. Using the values of
Wooly = 49 000 + 300 g/mol and A, = (8.4 + 1.0) x 1074
mol cm#g? determined by Sun and King® for our
polymer sample, and our concentration of 5.56 g/L, we
predict a value of G = (1.9  0.2) x 10722 ¢cm?, which is
somewhat higher than the value of (1.54 + 0.01) x 10~
cm? measured by the fit. A similar scattering deficit has
been noted for other water-soluble polymers, e.g. PEO.28

In addition to the expected polymer scattering mod-
eled by eq 6, the data in Figure 2 exhibit an intensity
excess at low q. This scattering is also evident in the
raw data.'? Such low-q tails have been previously noted
for water-soluble polymers,82° where they have been
attributed to dust or other contamination in solution.3°
However, because the scattering intensity here has the
same dependence on the deuterated fraction of water
as does the polymer, we conclude that it arises from the
polymer itself.31 Aggregation of a small fraction of the
polymer would help explain the deficiency between the
measured and predicted value of G. Various power-law
exponents can adequately fit the low-q tail; we use a
q—25 power law.

D. Measurement of the Partial Structure Fac-
tors for the Slurry State. For the case of interest in
this study—partially frozen polymer solutions—we re-
quire the contrast of both hydrate crystal and polymer
with the average solution. Using eq A5, we estimate
contrast matching points of Xxgs = 0.966 and x,s = 0.216.
As shown in Figure 3, each of the contrast factors in eq
2 varies quadratically with fp,o. Both the position and
amplitude of the parabolae are important: the differing
dependencies on fp,o enable the SVD method to separate
the terms, while the absolute amplitudes allow one to
extract numerical values of quantities such as the
surface area.

Using the contrasts shown in Figure 3 and a back-
ground vector B obtained from extrapolations of the five
individual data sets, we calculate the partial structure
factors Sgq, Spp, and Spg.3? Results are plotted in Figures
4 and 5b.
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Figure 3. Contrasts (in units of cm™) as a function of fp,o.
Shown on three separate axes are the hydrate-average solution
contrast (ng — ns)?, polymer-average solution contrast (n, —
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Figure 4. Structure factors obtained by solving eq 7. (a) Sgg.
This structure factor shows a g~ dependence, as expected for
Porod scattering from a surface. (b) Spp. The dominant feature
of this structure factor is the Beaucage form due to the solvated
polymer. For comparison, the structure factor of the polymer
at 7 °C (lower line), scaled to account for the change in volume
fraction, is also plotted. The excess scattering exhibited by the
2.5 °C structure factor suggests the presence of an adsorbed
layer.

Figure 4a shows the function Syg. The good fit to the
Porod law indicates that the contrast variation method
has successfully separated the structure factors: no-
where was a Porod law assumed for these data. The
Porod fit to Syg(q) yields a surface-to-volume ratio of
5000 cm™1, which is 7 times larger than the surface-to-
volume ratio measured in the inhibitor-free case (see
Appendix A4). This increase in surface area upon PVP
addition is consistent with the observed change in
crystal habit from compact octahedra to platelike crys-
tals.%33 If we assume the 40:1 aspect ratio mentioned
in section I, and a constant amount of hydrate formed,
we predict a 13-fold increase in surface area.

Figure 4b shows the polymer structure factor Spp(q).
Plotted for comparison is the structure factor of the 7
°C hydrate-free polymer solution from Figure 2, scaled
to account for the increased polymer concentration in
the decreased volume of solution. This scaling is due to
the influence of the second virial coefficient, as shown
in eq 8. (Note that only the value of ¢ in the denominator



2674 Hutter et al.

Macromolecules, Vol. 33, No. 7, 2000

Table 2. Parameters for the Fit Shown in Figure 5a

T
B 10l

T
Lot trl
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Figure 5. Structure factors for adsorbed polymer layer. (a)
ASyyp. Structure factor Sy, after subtracting 99% of the solvated
polymer structure factor Sy,. The solid curve shows a fit to a
uniform adsorbed layer with high-q scattering due to “blob”
scattering. The dashed curve shows the form that would be
expected for a self-similar adsorbed layer. (b) Spy. Structure
factor Spy (compare with Figure 4). The solid curve shows the
fit for a uniform layer with thickness determined in (a),
normalized to the data point with lowest q.

is increased—the numerator accounts for the total
amount of polymer in the scattering volume, which is
unchanged.) The excess scattering evident in Sy clearly
indicates the presence of an additional polymer struc-
ture, which we attribute to an adsorbed polymer layer.
Note that our Sy, differs significantly from previous
studies where no polymer remained in solution.?124 We
subtract the contribution of the solvated polymer to
obtain ASpp, as shown in Figure 5a.

According to the scaling theory of polymer adsorp-
tion,?8 adsorbed polymer should form a self-similar layer
with a profile described by

$(2) = (a/z2)** )

where a is a length scale on the order of the monomer
size and z is the distance from the surface. Note that
this form is only valid in the range R;l <g<awdlln
this g range, scattering from such a layer will have a
structure factor given by?!

Spp(@) = 27(SIV)(TVo)*q*(1 — V/3(ga)"” + F*(ga)**)
(10)

where Vj is the monomer volume (which we take to be
~a®) and f ~ 4.06a/T'Vy, which depends on the total
surface coverage I'. Estimating the surface coverage as

_1 _1 pa 43 43 j o\ _ 2
F—;j;q&(z)dz—;(j;dz—%a J. 7 dz) = 4/a

(11)

for the profile described by eq 9 and approximating a ~
3 A yields the dashed curve shown in Figure 5. In the
de Gennes model, the layer thickness is set by the
single-coil Ry since all adsorbed chains contact the

parameter value units

0.392 + 0.003 cm1
h 550 + 8 A

£ 24.8+0.2 A

ds 1.773 +

G 0.00275 =+ 0.00001 cm?3

a Fixed from fit to Sy, (cf. Figure 2).

surface at at least one point. Below the value of g
corresponding to the layer thickness, we expect a
rollover in Syp(g) to a constant value. The resulting
curve clearly does not fit the measured data. We could
adjust the parameters, the monomer size a, and layer
thickness h to fit portions of the data. For example, we
could fit the high-q region by increasing the value of a
to 9 A and decreasing the layer thickness to 20 A. These
are unrealistic values, and moreover, the resulting curve
fails to capture the low-g behavior. Similar changes (in
an opposite direction) would move the dashed line near
the low-g data but cannot describe the high-q regime.

The simplest alternative is to model the adsorbed
polymer as a uniform layer of volume fraction ¢s and
thickness h. The structure factor for such a layer is3*

step __ 20a 4
Spp. = 4n(SIV)¢“(1 — cos gh)/q (12)

The mass of polymer in the layer is then
Y = (SNV)N(@sppory + €) (13)

per unit sample volume. (Note that (S/V)hc represents
the contribution of solvated polymer within the layer
volume—we are measuring contrast relative to the
polymer solution.) Thus, the fraction y of polymer
remaining in solution satisfies 1 — y = y/c by mass
balance. This form provides an adequate fit to the low-q
data. The high-q data in Figure 5a are consistent with
“blob” scattering due to density fluctuations within the
layer, analogous to that seen from semidilute solu-
tions.26:3> We model this structure, which corresponds
to the term Spp(q) discussed in section I11.B, using the
Beaucage form (eq 6), constrained to have the same
power law as does the free polymer (since we are probing
the interior of polymer coils in this regime). The
combined fit is shown in Figure 5a with parameters
tabulated in Table 2.

If one uses the S/V of the entire crystalline surface
(as determined from Sgg), we find a surface coverage of
0 = h(¢sppoty + ¢) = 0.9 mg/m2. Although such a total
surface coverage is typical of adsorbed polymer lay-
ers,?136 here it is spread over a thickness of several
times Ry, much thicker than that predicted by the
standard de Gennes adsorption model.®” Consequently,
the layer concentration would be lower than typical, only
about 3 times that in the surrounding solution.

One can overcome this dilemma by relaxing the
constraint that the polymer cover all available crystal
surface; e.g., S/V in eq 12 can be less than that for eq 3.
Figure 5b shows the structure factor Sg,, which contains
information about adsorbed polymer alone (plus an
approximately constant background, most likely due to
imperfect background subtraction). Overlayed on the
data is the structure factor of a step profile

SEP(q) = 26, (SIV)(L — cos gh)/g®  (14)
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constrained to pass through the lowest-q data and to
have the same value of h found from Figure 5a. The
combined fit amplitudes from Figure 5 allow ¢s and S/V
to be estimated independently. The result is S/V = 80
cm~1, about 2% of the total crystalline surface, and

s = 0.07 + 0.04. This value of ¢s corresponds to ~2.5c*
and thus describes a layer density high enough for
overlapping polymer chains (c* is the overlap concentra-
tion). Admittedly, the data in Figure 5b show a very
small signal at low g, resulting in the large uncertainty
quoted above, but are clearly not consistent with a large
amount of adsorbed polymer. The local surface coverage
under this assumption is 5 & 3 mg/mZ.

The fit to the high-q regime of Figure 5a indicates a
length scale of 24.8 A. We take this length to be the
mesh size of the semidilute polymer solution within the
layer. De Gennes predicts that the mesh size & should
scale as®’

E=ap, " (15)

where a is the monomer size. Using the volume fraction
in the layer determined above and an approximate
monomer size of 3 A, we expect & ~ 22 A. Thus, the
high-q part of the structure factor ASy, is consistent
with the semidilute polymer solution determined through
ASpp and Spg.

Before proceeding to a discussion of these results, we
briefly discuss our confidence in the fits. The error bars
shown for the structure factors (Figures 4 and 5) are
calculated from the uncertainty, due to counting sta-
tistics, in the original scattering data. Not included is
the uncertainty in the contrast estimates. These are
accurate to within a few percent, with inaccuracy mainly
affecting the estimated contrast matching points. Since
all of the data are collected in a regime far from the
polymer—solvent matching deuteration X, errors in the
location of this point have little effect on the resulting
structure factors measured by the SVD method. Like-
wise, errors in the crystal-solvent matching point Xgs
have little effect on Sgg—the amplitude of the corre-
sponding parabola in Figure 3 is well defined by data
at the end points of our deuteration range. Thus, the
surface area is measured to within a few percent by this
technique.

The term Spgy is more sensitive to uncertainty in Xgs.
While the existence of an appreciable adsorbed layer is
clear from Figure 4b, this layer is not as easily measured
in Figure 5b. Thus, while the discussion above of a layer
covering only a small fraction of the crystal surface area
is in good agreement with the data, the uncertainty
estimates indicate only a factor-of-2 confidence in the
density of this layer and order-of-magnitude confidence
in the fraction of coated surface.

IV. Interpretation

A. Comparison of Noninhibitor and Inhibitor
Polymers. As noted in section I11.A, comparison of the
scattering from polymer plus crystal-slurry samples for
noninhibitor and inhibitor polymers shows that they
differ in two essential ways: there is a larger Porod
amplitude at small g values and an overall higher
scattering intensity at large q values for the inhibitor—
polymer systems. Furthermore, we had previously noted
that the Porod scattering amplitude seems to increase
as the effectiveness of the inhibitor increases.?
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Here, the contrast variation technique has allowed
us to separate the scattering into terms specific to
crystal surfaces, solvated polymer, and adsorbed poly-
mer. Through eq 2, we estimate the relative importance
of these terms to the overall intensity at any given q
value. We find that, although the Syq term indicates an
approximately 7-fold increase in surface area due to the
inhibitor polymer’s change of the crystal aspect ratio,
the majority of the intensity increase (about 80%) at low
g is due to the increase in Sp, beyond that due to
polymer in solution.

B. Description of the Adsorbed Layer. Before
discussing the possible effects of this adsorbed layer on
crystal growth, we discuss the nature of the layer itself.
One striking feature is its thickness, approximately 7
times Ry. Thus, most of the polymer chains incorporated
in the layer do not contact the crystal surfaces. This is
in sharp contrast with the de Gennes prediction®” of self-
similar adsorbed layers with no inherent length scales,
save the monomer size a and the radius of gyration Ry,
which bound the length scales in which this self-similar
behavior is predicted. In the de Gennes model, surface
adsorption sites are saturated, and all adsorbed chains
contact the surface at at least one point.

One possible explanation for the formation of a thick
adsorbed layer is aggregation on crystal surfaces. For
semidilute solutions, Sun and King® use light scattering
to measure PVP aggregates with sizes similar to our
layer thickness. A possible mechanism of formation for
these aggregates is that the solvent quality may depend
on polymer concentration in such a way that a local
increase in polymer density leads to a poorer (local)
solvent, allowing further polymer to join the aggregate.3®
Adsorption of some polymer at the hydrate surface may
then induce this self-aggregation. In this scenario, the
550 A dimension may also measure the aggregate size
along a surface which is studded with clumps of polymer
aggregate.

C. Crystal Growth Inhibition. Our measurement
of inhibitor adsorption at the hydrate growth faces,
coupled with the knowledge that the inhibitor alters the
expression of these faces, suggests that adsorption is
fundamental to the inhibition mechanism. Inhibition of
crystal growth by impurity adsorption is a well-known
phenomenon.3940 Additive effects have been studied in
the crystallization of ionic crystals, such as sodium
chloride,** and molecular crystals, such as monosodium
glutamate.*? For faceted crystals, the typical result of
such adsorption is to inhibit the growth of specific
growth faces, thus altering the growth habit. For
example, barium sulfate, a monoclinic crystal, which
normally forms plates with {001} faces bounded by
{210} edges, can form hexagons bounded by {010} faces
when grown in the presence of amino dimethylene
diphosphonic acid.*?

One system that is particularly relevant to our
discussion of hydrate inhibition is the growth of ice in
the presence of antifreeze glycoproteins (AFGP’s).44
These proteins are produced by polar fish and enable
their survival in temperatures below the freezing point
of their aqueous body fluids. As with the PVP/hydrate
system, significant inhibition of ice growth is seen at
concentrations of ~1% AFGP. However, in the case of
AFGP’s, differential adsorption to differing crystal faces
has been measured.*® The adsorption apparently takes
place through specific interactions between repeating
units on the protein which match the spacing of water
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molecules along the [@1120direction in ice. This is in
contrast with hydrate inhibition by PVP, which does not
alter the faces expressed and does not have a repeating
group that matches a molecular spacing in the hydrate
crystal. To the best of our knowledge, there has been
no quantification of the surface density of adsorbed
protein.

The hydrate crystals studied here are clearly faceted.
Therefore, growth must proceed by the motion of steps
with some characteristic height. Type Il hydrates can
be thought of as an ABC stacking of layers of dodeca-
hedral water cages.*® The guest molecules, required to
stabilize the structure, reside in interlayer hexakaidec-
ahedral cavities. However, neighboring cages share
water molecules, so growth cannot proceed by surface
diffusion of completed cages to step and kink sites. Most
likely growth proceeds by a combined adsorption of
guest molecule and water molecules at the edges of steps
with a height of two dodecahedral layers (since two
layers are needed to enclathrate the guest molecule).

Since faceted crystals grow by step flow,*%47 with new
layers initiated either by 2D nucleation (the birth and
spread model) or by continuous production at screw
dislocations (spiral growth), growth of such crystals can
be inhibited by low concentrations of additives that
adsorb preferentially along step edges. Additives that
pin the steps thus slow the growth by allowing steps to
advance only between additive-adsorption sites. The
effective crystallization driving force is then decreased
by the line tension of the semicircular step region
bounded by the additive sites. Growth can be halted
when the impurity density along a step is <2r*, where
r* is the critical (2D) nucleation radius, which repre-
sents the smallest radius of curvature that is energeti-
cally favorable. Examples of growth inhibition by this
mechanism have been discussed in the literature,3%404548

We can check whether the measured surface density
of adsorbed polymer is sufficient to appreciably inhibit
step flow. The density of monomers within a ~ 3 A of
the surface (i.e., the density of filled adsorption sites)
is

a(¢sppoly + C)NAANmon (16)

Thus, we estimate that, within the polymer clumps on
the surface, the monomer density is ~0.0015/A2, corre-
sponding to a spacing (assuming a roughly hexagonal
array) of ~32 A. Note that this spacing is of the order
of the mesh size of the layer discussed earlier. Since the
hexakaidecahedra are arranged in a hexagonal array
with a spacing of ~7 A, this corresponds to adsorption
at ~20% of available sites. Since typical critical nuclei
are of the order of 100—1000 A across,*° such a surface
density would be sufficient to completely block step flow
within the clump. Growth can still proceed between
clumps. If we assume that the clumps have roughly the
same diameter as their thickness, we estimate a dis-
tance between clumps (on a hexagonal lattice) of | =
2300 A. Such a pinning density would slow growth by
a factor of 1 — 2r*/I (see ref 39).

Polymer adsorption probably occurs in the same
manner as guest molecule incorporation—by water-
molecule caging. This would place the polar pendant
group inside partial water cages on the hydrate surface.
The remainder of the polymer chain could then interfere
with further crystal growth.

A molecular understanding of the interactions be-
tween the inhibitor and growing hydrate crystal is not
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Figure 6. Suggested mechanism of step pinning by adsorbed
polymer clumps. Assuming that the clump size is the same as
its thickness (550 A), the 2% coverage implies a distance
between clumps of ~2300 A. The minimum step curvature is
determined by the clump spacing. When the spacing is less
than the critical 2D nucleation radius, growth must stop
entirely.

sufficient to explain the resulting change in crystal
morphology. Hydrate crystals remain bound by {111}
faces whether or not inhibitor is present, yet the
inhibitor is able to change the relative growth velocities
(and hence relative sizes) of these crystallographically
identical faces. Thus, the mechanism of differential
inhibition of dissimilar growth faces, as described above,
does not apply.

A possibility is that inhibitor adsorption onto a
hydrate growth face slows the growth of that face (e.g.,
through the mechanism of step pinning described above
and in Figure 6). Since all growth faces are identical,
the amount of adsorbed polymer is likely to be ap-
proximately uniform, resulting in nearly uniform growth.
However, small fluctuations in the polymer coverage
could result in a spontaneous symmetry breaking: a
decrease in the growth velocity of one face will lead to
an increased supersaturation at adjacent faces. It has
been proposed®33 that the increased growth velocity at
these faces may prevent the local formation of polymer
layers, thus reducing their growth inhibition. The
platelike growth is then seen as an instability dependent
on both “nutrient” diffusion and a polymer “adsorption
time”. (The unusual thickness of the aggregate may play
a role in slowing the adsorption kinetics.) Note that this
mechanism would lead naturally to plate growth—the
increase in supersaturation will grow with the number
of adjacent faces blocked by inhibitor adsorption. This
mechanism would explain the sprouting of plates from
apparently random locations on octahedral hydrate
crystals when inhibitor is added.%33

The function of a hydrate inhibitor is to allow a
hydrate-forming mixture to flow through a pipeline, at
hydrate-forming conditions, during a given time inter-
val. Growth inhibition is a likely origin for this ability.
As our calculations above suggest, and as has been
experimentally observed,® the polymeric inhibitors can
effectively slow hydrate growth. It is less obvious that
the resulting change in crystal morphology, while
scientifically intriguing, is a factor during their use as
additives. One could speculate that thin crystals might
be more easily fractured during flow and thus be less
likely to form a solid plug. Of course, inhibitors might
also interact with structures in the hydrate-forming
solution prior to crystal nucleation.” We see no evidence
for such an interaction here but have noted increased
polymer aggregation in propane/water systems above
the hydrate formation temperature.1?

V. Conclusions

In conclusion, we have used the technique of contrast
variation to perform a small-angle neutron scattering
measurement of a growth inhibitor, poly(N-vinyl-2-
pyrrolidone), adsorbed onto crystalline hydrate surfaces.
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We deduce an adsorbed layer with the unusual proper-
ties of a thickness much larger than the polymer radius
of gyration and a profile that does not resemble the
standard de Gennes adsorption model. We postulate
that the thickness of the layer is due to a polymer self-
aggregation effect. Although only portions of the poly-
mer in contact with the growing crystal are likely to
affect the crystal growth, it is noteworthy that virtually
all effective polymeric hydrate inhibitors exhibit this
aggregation.°

The contrast variation technique allows us to separate
the partial structure factors specific to the crystal
interfaces, adsorbed polymer, and excess polymer re-
maining in solution. We find that the presence of the
inhibitor results in a 7-fold increase in the crystalline
surface area, in agreement with observations that this
inhibitor changes the crystalline growth habit from
compact octahedra to a platelike form, thus increasing
the surface-to-volume ratio. We find that most (~99%)
of the inhibitor remains in solution. That we are able
to measure the scattering from the small amount of
polymer that does adsorb is due to the low hydrate-
solvent contrast intrinsic to this experiment: Since the
crystals are grown in situ from solution, the crystals
and solvent have similar compositions and, hence,
similar scattering length densities. The polymer, unlike
the solutions, is fully hydrogenated and so has a
scattering length density very different from that of
either the crystal or solvent, resulting in a strong
contrast between the crystal and adsorbed layer.

This adsorbed layer is necessarily measured after
growth of the crystals is complete. However, since
dissolution of polymer layers is slow,%! the coverage
measured is probably indicative of the adsorption during
growth. The density of adsorption sites measured is
large enough to slow step propagation. (Complete step
arrest only requires a spacing of impurities less than
the size of the 2D critical nucleus.) Thus, the growth
modification may, as has been previously postulated,
involve a decreased inhibitor adsorption on fast-growing
faces, resulting in a spontaneous symmetry breaking
whereby these faces are able to maintain a higher
growth rate than the adjacent inhibited faces.

Although this neutron scattering experiment is very
sensitive to the presence of adsorbed polymer, it is
unable to measure the location of the layer or the precise
surface configuration. In order to verify the model
described here, a real-space measurement, perhaps by
atomic force microscopy, will be necessary.
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Appendix A. SANS Contrast Calculations

To extract quantitative results from scattering data,
we need accurate estimates of the contrasts between
components of the sample. In neutron scattering, con-
trasts are typically described in terms of scattering
length densities. Since the neutron wavelength is large
compared to the molecular (or monomer) sizes, the
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Table 3. Molecular Properties of Materials Used in This

Study
mol wt melt density scattering length?
molecule (g/mol) (25 °C) (g/cm?3) (x1072 cm)
H.0 18.0153 0.997 —0.1677
DO 20.0274 1.104 1.9153
THF 72.1069 0.886 0.2469
TDF 80.1554 0.985P 8.5789
PVPe¢ 111.1436 1.2644 2.1324

aUsing data from ref 52. ® Assuming the same molar density
as THF. ¢ Sample characterized in ref 8. d Effective density in
aqueous phase.53

scattering lengths b of the molecules can be calculated
as the sum of the atomic scattering lengths:

bmoI= z batom (Al)

atoms

Molecular scattering lengths®? relevant to our experi-
ments are tabulated in Table 3. The scattering length
density of a component a can be calculated as the sum
of scattering lengths of all molecules in o divided by its
volume v:

1
n, == b; (A2)

o
V molecules

We vary the contrast of our solutions, and hence of the
resulting hydrates, by varying the deuteration of the
water. Since this variation has the effect of substituting
H>0 molecules for D,O's,% the scattering length densi-
ties vary linearly with the deuterated fraction of water.

As a result, the contrasts for the Sgg term, (n{) — n)2,

and for the Sy, term, (n§ — n{’)2, must describe
parabolae with minima of zero contrast.

1. Solvent Scattering Length Density. We calcu-
late the scattering length per mole of solvent from the
known composition and the molar volume calculated
from the mass densities of the components. The molar
volume is corrected for the excess volume of mixing,
which has been measured for the THF/H,O system.55
The composition varies with the amount of solvent
frozen into hydrate crystals.

The hydrate crystal has a composition of 17H,0-
gTHF, where g is a filling fraction set by the growth
conditions and is approximately equal to 1. We delib-
erately chose an off-stoichiometric composition to allow
partial freezing. Thus, freezing depletes TDF from the
liquid fraction. If a mole fraction ¢ of the “water” (D,O
and H,0) is incorporated into hydrate crystals, then an
amount g¢/17 of TDF must also leave solution. We can
write the scattering length density of the remaining
solvent as

ng={(1 - ¢)[fD20bD20 +@Q- szo)bHZO] +
(r — 9¢/17)[frpebrye + (1 — fTDF)bTDF]}/[WHZO/pHZO +
rV\/THF/ PTHF + Vexcess] (AS)

where r is the initial mole ratio of THF plus TDF to
water, fp,o is the deuterated fraction of water, the b,'s
are the scattering lengths of the various components,
the W,’s are the molecular weights, and Veyeess is the
excess volume of mixing. This form explicitly shows the
linear dependence of ns on the deuterated fraction fp,o.
(Recall that the deuterated fraction of THF is fixed at
fTDF = 0.995.)
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We can estimate ¢ using the phase diagram, Figure
1. When an initial solution with a molar fraction xo =
1/(1 + r) of TDF is partially solidified, a hydrate with
TDF composition xs = g/(17 + g) and a TDF-depleted
solution with a composition x_ given by the phase
coexistence curve are formed. By mass conservation,
these quantities®® are related by

XX Xs X
¢_(1—x0 1—XL)I(1—XS 1—xL) (A4)

For our samples we estimate a value of ¢ = 0.475 +
0.025 by linearly interpolating between the two curves
in Figure 1 to an average deuteration of 0.9.

This value of ¢ corresponds to a solid volume fraction
of ¢y ~ 0.51, which is consistent with optical imaging
of the slurry samples as well as their dramatic viscosity
increase. Since the liquidus line in Figure 1 is quite
steep at our experimental temperature, small drifts and
errors in temperature will have little effect on this value.

To measure the structure factor of a polymer layer
adsorbed onto a crystal surface in the presence of a
polymer solution, we must make a slight modification
to this scattering length: the appropriate contrast is
with the average solution, containing THF, water, and
polymer:

N (AT + Ngvpy,

n,Z= A
s Vs T VoY (AS)
where vs and v, are the molar volumes of the solvent
and polymer, respectively, and y, is the molar ratio of

monomer to solvent (column 4 in Table 1).

2. Polymer Scattering Length Density. The scat-
tering length density of polymer can be calculated as
Ny = NapBrmon/W (AB)

mon mon

where Na is Avogadro’s number, p, is the effective
polymer density in solution (see Table 3), bmon is the
scattering length of a single monomer, and Wpon is the
monomer formula weight.

3. Hydrate Scattering Length Density. Similarly,
the scattering length density of the hydrate crystal
phase is calculated as the scattering length of the unit
cell divided by the unit cell volume. Thus, we obtain
ng =
136[fD20bD20 +(1- fozo)szo] + 89[froebror + (1 — frop)bryel

3

a (A7)

where a is the edge length of the cubic unit cell.

4. Experimental Determination of the Contrast-
Matching Points. Not all of the quantities in eqs A3,
A6, and A7 are known to the required accuracy. Hence,
it is common practice?! to determine the deuteration
fraction xgs where ng = ns through experimental mea-
surement. In Figure 7, we plot the amplitudes of Porod
fits to the 2.5 °C polymer-free slurry scattering. These
amplitudes should describe a parabola with zero mini-
mum at a contrast-matching point xgs. Instead, we find
that the data do not reach zero. Because we are assured
of a contrast matching point in this deuteration range,
this offset implies the presence of some additional
scattering. A similar effect is seen by Auvray and
Cotton,?! who attribute it to a thin surface contamina-
tion layer. Whatever its origin, provided that its contrast
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Figure 7. Porod coefficient vs fraction D,O for the partially
frozen polymer-free solvents. The parabolic fit measures a
contrast-matching point of x4 = 0.932.

does not vary appreciably with the deuteration fraction
of water (i.e., provided that it is both independent of
the solvent and has a dissimilar scattering length, as
would be expected for a nondeuterated impurity), one
can assume that it will contribute an approximately
constant “background” and not alter the position of the
minimum. Note that the “extra” scattering is quite
weak. The Porod amplitude increases dramatically (by
a factor of 5—10) when hydrate inhibitor is present,
rendering this term unimportant.

The parabolic fit in Figure 7 gives a hydrate-solvent
contrast-matching point of xqs = 0.932 &+ 0.002. This is
an offset from the calculated matching point of 1.023,
suggesting that some of the quantities in eqs A3 and
AT are slightly inaccurate. The least well-known quan-
tity is the actual solution density. Although we know
the densities of the liquid components and have an
estimate of their excess volume of mixing at 25 °C,%
equivalent data do not exist for the temperatures and
deuterated solvents used in our experiment. Thus, we
use the experimental matching point to determine the
molar volume of the solution to be 19.2 cm3/mol, 1.2%
smaller than our original estimate.

With the hydrate-solvent contrast fixed in this way,
we use the fit in Figure 7 to estimate the surface-to-
volume ratio of the crystal slurry, through eq 3, to be
700 cm™, This provides us with an estimate of the
crystal sizes: for spherical crystals,

Amr? 3
ST (A9
Vo 4ardz T

where the factor ¢, represents the volume fraction 0.51
occupied by the crystals. For this simple estimate, we
obtain a crystal radius of 22 um, which is consistent
with sizes estimated microscopically for the slurry state.

Using this 1.2% correction to the molar volume of the
solution, and eqs A3 and A6, we calculate the polymer—
solvent matching point xps to be 0.160. The variation of
fits to the five 7 °C polymer solution data sets shows
good agreement with this prediction.
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