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Overview:
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How do we know our models are correct?

Validating models using multiple techniques for internal consistency

Surfactant/Additive

Simulate high -q
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Small-Angle X-ray and Neutron Scattering
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Prof. Chemical/Materials Engineering
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beaucag @uc.edu
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Small-angle scattering is used for:

1) disordered materials
networks, gels, ceramic aggregates (fumed silica and titania)
and polymers;

2) “d-spacings” and degree of order
colloids, liquid crystals, block copolymers, and polymer lamellar

crystallites;

3) orientation
BCP domains, polymer crystallites, rheosans;

4) detailed measures of structure
viruses, proteins.



Small-Angle X-ray Scattering, (SAXS)

-Collimated Beam
-Monochromatic Beam
-Coherent Beam
(-Focusing Optics Perhaps)
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-Longer Distance for Lower Angle

-Large Dynamic Range Detector
-Evacuated Flight Path

-Extend Angle Range with Multiple SDD’ s
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Small-Angle X-ray Scattering at the We Get Intensity as
APS and Other User Facilities A Function of Angle
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X-ray versus Neutrons Scattering

X-rays interact with electrons
Contrast is proportional to
(Dr,)?

Electron density is a monotonic
in atomic number

SAXS and XRD

Neutrons interact with atomic nucleii
Contrast is proportional to
(DS)*
Neutron cross section S is random SANS and NPD
in the periodic table and changes
With isotopes
Biggest difference is between d and H

Neutron scattering has advantages for hydrogels, single chain scattering,
Biomolecules such as proteins where D,0O can substitute for water.

However, neutron flux is much lower and SANS requires
larger samples (1 cm diameter) and exposure time ~1 hour.



The Scattering Event

I(q) is related to amount Nn?

q is related to size/distances

" g="sin(®))

="

q

We can “Build” a Scattering Pattern from Structural
Components using Some Simple Scattering Laws

First we will look at scattering from a single isolated
particle, Form Factor.
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Polydispersity & Asymmetry Lead to Smearing
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We can use the unified function for polydisperse

or asymmetric/oddly shaped, randomly-arranged structures.
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1) Particle size distributions from small-angle scattering using global scattering functions. Beaucage G, Kammler HK, Pratsinis SE, J. Appl. Cryst. 37, 523-535
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Correlation Leads to a Characteristic
Change in the Shape of the Scattering Curve
(Structure Factor)
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x is the correlation distance (an average d-spacing)
K is the packing factor, K=8V,_4 core/VavallabIe (0 to 5.92)

Symposium Ser/e,s 585, 97 111 (1995). See my web page for ascan of this reference ' 14



Correlation Leads to a Characteristic
Change in the Shape of the Scattering Curve
(500 Ang. Spheres)
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Correlation Leads to a Characteristic
Change in the Shape of the Scattering Curve
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Correlation Leads to a Characteristic
Change in the Shape of the Scattering Curve
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17



s \
-
e - &
_:-\ - -
E 10° Increasing k
[+ 4
Fit of Figure 4, Vary k
10 — k = 1.99 (Original)
- = K = 592 (Maximum)
«wese k = 0 (No Correlations)
0
o B 2
-1
qA™

X8 died by Small-angle
my web page for a scan of this reference.

No Correlation
Effect at High-q

56789
0.1

18




Construction of
A Scattering Curve
For a Mass Fractal Aggregate
with no Correlations
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Intensity (cm)

Polydispersity Index, PDI Polydisperse Particles
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Branched Aggregates Q %
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Small-scale Crystallographic Structure
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Branched Aggregates
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Particle Size, d
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well described by the global unified fit equation (solid line). Figure 3. Comparison of dysand deer for agglomerated silica
Furthermore, three Porod regimes (dashed line, dashed —dotted owders made in ourvapor-or liquid-fed flame aerosol reactors
line, and long—short-dashed line) are shown together with the ?
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Guinier regimes (dotted line and dashed—double-dotted line).
The ?éaearance of the second Porod (weak Slower—law) regime (Aerosil 200 and Aerosil 380, Degussa AG).
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Particle Size Distribution Curves
from SAXS

PDI/Maximum Entropy/TEM Counting
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Figure 2

USAXS data from aggregated nanoparticles (circles) showing unified fits (bold grey lines), primary particle Guinier and Porod functions at high g, the
intermediate mass fractal scaling regime and the aggregate Guinier regime (dashed lines). (a) Fumed titania sample with multi-grain particles and low-g
excess scattering due to soft agglomerates. dyig = 16.7 nm (corrected to 180 nm), PDI=301 (6, =1.35), R, =112 nm,d: = 1.99, 221 = 175,:,7. =226,Rpx =
171 nm. From gas adsorption, dp = 162 nm. (b) Fumed zirconia sample (Mueller er al., 2004) with single-grain particles, as shown in the inset. The primary
particles for this sample have high polydispersity leading to the observed hump near the primary particle scattening regime. dy,¢ = 2.3 nm, PDI = 10.8
(6, =156), R,= 26.5 nm, d; = 2.9). From gas adsorption, 4, = 19.7 nm.

Particle size distributions from
small-angle scattering using global
scattering functions, Beaucage,
Kammler, Pratsinis J. Appl. Cryst. 37
523-535 (2004).
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Comparison of particle volume distributions for titania made without an
electric field using TEM (circles; Kammler er al., 2003), PDI (grey line)
and maximum entropy (black line). {a) 0.5g h™" [fractal dy, = 12.1 nm,
PDI =3.52 (g, = 1.38), R, =8.90m, d; = 1.59, za, = 1160, 2, = 1343].
(b) 55gh™" [dys = 37.2 nom, PDI = 200 (6, = 165), R, = 508 nm).
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Compatibility/Miscibility/Shelf Life for Colloidal Mixtures
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Butadiene/Carbon Black Samples March 2015

Polymer
BR1
BR2
BR3

Table 1. Samples studied.

Carbon Black Weight Percent

1 5.6 15.1 29.9
BR1-1 BR1-5 BR1-15 BR1-30
BR2-1 BR2-5 BR2-15 BR2-30
BR3-1 BR3-5 BR3-15 BR3-30
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I,(q)= i{G.e(""’% Joe( A )Ba "} @),

where level 1 pertains to a graphitic layer, level 2 to the primary particles and level 3 the
aggregate structure.
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Figure 3. Plot of the three one percent carbon black reinforced polymers and the carbon black
powder. A four level unified fit to the BRI-1 samples is shown. Values of 1/(v@..) are also
plotted for comparison with the scattering curve.
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Figure 4. Scattered intensity divided by the mass concentration for various concentrations of
carbon black in BR1. Intensity at intermediate-q drops with concentration following equation 3.

Values of 1/(v@w) are also plotted for comparison with the scattering curvgcV = 3.08 x 10-% cm.
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Osmotic Approach to Reinforcing Filler Compatibility

”—

num+B’ in B‘ :ur - (1)
= o+ Bt B

where ¢ is the number density of particles or molecules. B2 reflects the enhancement of osmotic
pressure due to binary interactions of a colloid in a matrix in terms of the thermal energy, kT. B2
is related to an integral of the interaction energy between particles. Such a binary interaction

Osmotic Pressure

n
= = (—)kT
° V
o ©®
o ® o
o o ;
% e
(1 \er . g
(7] e o
. e ® o
Solute molecules move with kT and exert a pressure like a gas on the :
. . o o
walls of the vessel. This is the osmotic pressure. !

We can use this to count the number of solute molecules, n (1T is a
colligative property). For a known mass used to make the solution we

can obtain the number average molecular weight. 36 36



A parallel definition of the second virial coefficient using the mass density concentration, ®mass,
rather than the number density concentration, ®aum, is possible,

T _0, 2, A g3
E - /)w + A2¢mu.-)‘; As‘pmd; (2)

where M is the molecular weight of a particle. O®mass =MOnum/Na, where Na is Avogadro’s
number, and A> = BaN./M2, following Bonneté et al..[13] B: is related to the binary interaction
potential for particles, U(r), by,

K 2 =Uiry,
B, =27zJ'r'(l—e *‘“)dr
0 3).

B> has units of ml/particle, and A» has units of mole ml/g2. If a hard core potential is assumed,
then the hard core radius, ouc, is given by,

3AM*Y? (33, )-‘3
Ouc = N = N
2zN, 2 (4).

ouc should be a size scale on the order of the size of an aggregate so this serves as a check for
the validity of the second virial coefficient.
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DPD simulations and the Second Virial Coefficient

The second virial coefficient can be used to predict stability and compatibility of elastomer/filler
systems. For this purpose DPD (dissipative particle dynamics) simulations are often used. A
typical repulsive potential for a DPD system is of the form,[14]

Uk(Tr) ) g[l_(é)]l (5)

where ¢ is the diameter of the aggregates, and A is a dimensionless binary short range repulsive
amplitude that can be defined for the particle interactions that are at play in a specific situation.
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¢\4‘ — ¢\ﬁ' +
I(g) I,(q) .

(3)
where v is related to the second virial coefficient by,[18, 21]
_ v(Ap2> @
S NP

B2 = M2A2/ Na = [ZPcarbon(4(dp/2)3/3)12 A2/ Ny

1000

M =120 000

100 -

Polystyrene in d-Toluene

Scattering Functions of Semidilute Solutions of Polymers in
a Good Solvent

i) fem™ mL/ g]

JAN SKOV PEDERSEN,' PETER SCHURTENBERGER*

Journal of Polymer Science: Part B: Polymer Physics, Vol. 42, 3081-3094 (2004)
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6. _ 9.
I(q) Io(q)+v¢“' ®

where v is related to the second virial coefficient by,[18, 21]

log |

log q log q log q log q

Figure 1. Schematic of the screening effect and scattering in the semi-dilute regime.
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log 1

log I

log q

Figure 2. Schematics of formation of agglomerate superstructure in the concentrated regime from the
third structure in Figure 1. Top fractal super structure. Bottom domain super structure.
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Figure 4. Scattered intensity divided by the mass concentration for various concentrations of
carbon black in BR1. Intensity at intermediate-q drops with concentration following equation 3.

Values of 1/(v@w) are also plotted for comparison with the scattering CUrvg AV = 3.08 x 10-% cm.
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Table 2. Fit Parameters for the 1 percent BRs and Carbon Black Powder Samples.

G, Rel, | Bruem™ | P1 | Gr, Rgr, | Be,em- | P2 | G, Regs, | Bs,em- | Ps B4, cm- | P4
em! |A | A™ em! | A | 1A% em! | A [1A® | AP

CB Ge-3 | 16.0 | -2.5E-5 3.06 | 134 | 3.RE-7 1713 | 2633 | B3E-4 [ 2.26 | 4E-6 3.02

BRI-1 | 10 15.6 ] 0.104 6755 | 166 | 2.3E-4 TEG6 | 2066 [ 1.4] 2.15 | 3.0E-3 | 2.58

BR2-1 | 10 14.9 | 0.851] 8935 | I8]1 | 2.4E-4 6E6 | 2066 | 2.0] 2.08 | 1.6E-4 | 3.06

(SN LS LS L)
B B BN BN

BR3-1 | 19 11.5 | 0.101 9430 | 175 | 2.4E-4 RE6 | 2389 | 2.05 208 | 1.6E-4 | 3.04

Table 3. Calculated parameters for the BR1 and carbon black powder samples from the

third structural level.
de,
z dois c dr Cs P Rexd,nm PDI ¢ i, nm

nm
- 560 2.26
Powder
BR1-1 1000 | 1.79 | 1.21 2.15 1.65 | 302 318 13.1 | 144 | 1.60 453
BR2-1 670 1.75 | 1.19 | 2.08 1.55 | 237 325 143 | 144 | 1.60 491
BR3-1 850 1.78 [ 1.17 | 2.08 1.6 319 375 147 113 | 1.57 | 547
Mean 840 339 13.9
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Figure 5. Scattered intensity divided by the mass concentration for BRI-1 and BRI1-30. Fits
using equation 3 are shown. v is 3.08 x 10° cm for both fits. Values of 1/(v@..) are also plotted
for comparison with the scattering curve.
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Table 4. Values of v and A, from equations 3 and 4. B; calculated from A, Gsc from
equation 1d, and “A” from equation 1f using ¢ = <Riws> from Table 2.

108 A, 109 By 1007 DPD “A"
Vs cm mole ml/g* | ml/Aggregate Guc, nm (0=339,nm)

BR1 308=08 0.998 3.20 248 17.5

BR2 32608 1.06 3.39 253 19.8

BR3 19114 1.27 4.06 269 31.3
6.00E-06 1
S.00E-06 1
4.00E-06 +
£ 3.00E-06 -

>

2.00E-06 1
1.00E-06 -
0.00E+00 +

BR1

BR2

BR3

Figure 7. Graphical comparison of V for each polymer/carbon black mixture.
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Summary

-Reinforced elastomer composites were examined using a new
application of the second virial coefficient to describe compatibility of
carbon black with three different butadiene elastomers.

-It was found that this approach distinguishes compatibility changes
for the three elastomers.

Ultra small-angle x-ray scattering was used to measure the scattering
pattern at several concentrations of carbon black. Changes in
scattering with concentration were described with a single second
virial coefficient for each elastomer using a scattering function related
to the random phase approximation.

-The approach seems applicable to a wide range of nano composite
materials. Values for the repulsive interaction potential parameter, “A”
in the DPD method were estimated for the three samples. These
values could be used in coarse grain computer simulations of filler
segregation in these elastomers.
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Chain and Gel Structure using SAXS/SANS
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—— Chain Scattering
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Persistence is distinct from chain scaling
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BR
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4 G,I f/Z
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Branching dimensions are obtained by combining local scattering laws
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Chain persistence
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© Corrected SANS Data
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Hydroxyacid  HO— CH— CH,— COOH

POLYMERIZATION
PHB = polyhydroxybutyrate (side chain = -CH3)
il PHV = polyhydroxyvalerate (side chain = -CH2CH3)
o o These are short chain branching similar to branching
Il 1 : Ivolefi
O-CH-CH,-C O-CH-CH,-C 3 1n polyolcns
etc.

Persistence length of isotactic poly(hydroxyl butyrate) Beaucage G, Rane S, Sukumaran S, Satkowski MM, Schechtman LA, Doi Y Macromolecules 30 4158-4162 (1997).
Rheology and persistenc in polyhydroxy alkonates. Ramachrichnan R, Beaucage G, Satkowski M, Melik D in preparation J. Rheology.
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Persistence length, A

Chain persistence
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Fractal Structure Overview
-Mass Fractal Dimension
-Other Dimensions
-Calculation of Branching
-Examples
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1) Mass Fractal dimension, d,.

[ np V7
2R z is mass/DOA
Z=0| — d, is bead size
\ dp ) R is colil size

Random aggregation (right) d, ~ 1.8;
Randomly Branched Gaussian d; ~ 2.5;
Self-Avoiding Walk d, = 5/3 Nano-titania from Spray Flame

2R/d, =10,a~ 1,2 ~ 220

Problem: d; = In(220)/In(10) = 2.3

Disk d;=2
Gaussian Walk d=2

A Measure of Branching is not Given.
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@ 5 2) Fractal dimensions (d;, d_. , ¢)
and degree of aggregation (z)

8 =
F-F dp éé%ﬁb L» 7~ £
008%)&9(8 OCgc%b dp

) = .
nin

R

-F o a F P=Zmin ~ ’a

- OO% 8% — p

ofae® %%
z~p=p"i™

d, ., should effect perturbations & dynamics.

Beaucage G, Determination of branch fraction and minimum dimension of frac. agg. Phys. Rev. E 70 031401 (2004).
Kulkarni, AS, Beaucage G, Quant. of Branching in Disor. Mats. J. Polym. Sci. Polym. Phys. 44 1395-1405 (2006). 61



@ backvone partcies

O netasic dead ends Fractal aggregates are springs
& Cluster size

Initial Stage Thinning of the carbon film ﬁm Development of t't': hole &
changa n NCA

iC ]|

Hole growth and stretching of Maximum strotoh achiovod NCA breaks loose at one end
R NNoR Tt ARERpetes FIG. 9. Elastic behavior of titania NCA. (a) Initial shape of NCA on an
. . . ultrathin carbon film. (b) The NCA began to stretch as a hole developed mn
FIG. 7. Schematics of hole formation and stretching. the carbon film after 7.5 min. (c) The NCA stretched by 36% after 10 min.
(d) Contracted NCA after the anchor point to the film (bottom right) broke
at 11.3 min.

Ogawa K, Vogt T., Ullmann M, Johnson S, Friedlander SK, Elastic properties of nanoparticulate chain
aggregates of TiO,, Al,0; and Fe,O; generated by laser ablation, J. Appl. Phys. 87, 63-73 (2000).
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A Scaling Model for Branched Structures
Including Polyolefins

_ 1 . Zl/c—l

Mole Fraction of Branches

Beaucage G, Determination of branch fraction and minimum
dimension of fractal aggregates Phys. Rev. E 70 031401 (2004).
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Branching dimensions are obtained by combining local scattering laws
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Mole Fraction of Branches

i,

00880 ch%o

)4 '\/\/\
R

Lisasit

pSe

p=24 &z=39
fg, = (39-24)/39 = 38.5 Mole %

p=1&2z=2

fo, = (2-1)/2 = 50 Mole %

Pp=2&z=6
fg, = (6-2)/6 = 66.7 Mole %
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4) Branched Polymers at Thermal

10 | IR
: O Antonieli Fracton 5 Equilibrium: Model Systems for LCB
10" & A Antonielli Fraction F2
lev(;:)l?lﬁt;l&ted power
_ 10° £ “é . "
H 2D Slice
2 1k
g
E PDI ~ 1.05
F5
10" £
10-2 2I 4 6 8|‘ 4 GI;ZIII 2 4 6
0.001 0.01 0.1
q (A% £o
F5 F2
M,, (g/mol) 2% 108 18 X 108
G (arb. units) 1376+8 38+1
R (A) 171 208410 For Polymers d_ is the
0448+0. 0003 .
gf 0 044§ 0(5) 0004 0 20105 > Thermodynamically Relevant
f - - . . —
. o T Dimension (5/3 =1.67 or 2)
1.23 1.36
z 19 200 173 000 d=d.. C
Por 0.84 0.94 ~ thermo x branching
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Mole fraction of Branches

(a)
FIG. 1. 2D schematic sketches of aggregates with similar Re. (a)

Linear aggregate and (b) a branched fractal aggregate of identical p
but different = and dp, as described i the text.
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4) Six Arm Polyurethane Star Polymers
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b

ﬂaﬂdom Long Chain Branh

5

H

Kulkarni A, Beaucage G using data from:

Gelad¢ ETF et al. (Mortensen), Macromolecules 34, 3552 (2001).

Dendrimers Hyperbranched Star Polymers
Short Chain Branching
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4) Hyperbranched Polymers
Phase Separation at High MW
Due to Branching
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Model hydrogenated/
deuterated Polybutadiene

-Used as a linear standard
for polyethylene

-There is a possibility of long
chain branching through
reaction of pendent
unsaturation during
butadiene polymerization
prior to hydrogenation

PDI =1.02
M,, ~ 28,000 g/mole

4) Hydrogenated Polybutadiene
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= Unified Fit .
6L i

)i 12.444

. 73.415
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w 7
S 1F -
2 .
= [ ]
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3 E
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Richter, Fetters et al. Macromol. Chem. Phys. (2000)
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Chemical Networks
Radiation crosslink

Chemical Crosslink

s e
S

Structural Gels

Gel Types: A Structural View

Polymer Gels

Semi-crystalline Block Co-polymer
Gels Gels (hydro-phobic/
philic, glassy
domains, )

Layered silicate aqueous
(clay) gels

Typically long gelation time

High shear sensitivity Q

Non-degradable but shear
thinning

Dynamic
(Entanglement)
Gels
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Semi-crystalline gels
Relatively sharp thermally/or solvation induced gellation
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gels with SAXS and Semi-crystalline Gels with SANS g’ \
£ 10 .
10‘ TrLrrTmy T LA LR ALY | T T IT g lon —
| 3 , ]
10’ w < 107 y
loo | 10" LT
.‘? L 0.0001 0.001 0.01 0.1 1 10
E 10'1 i Thickness q ( A).l
= " . .
— —intesral Platele . Figure 2. Scattering data from polyacrylonitrile foam.
) _U'::M Fc“::.;ﬂl;',“‘"‘ Scattering from SALS, USAXS, SAXS, and XRD data. SALS data has
107 - — been scaled to match the intensity of the USAXS curve.
randomly arranged Others are in absolute intensity. For the 3 parameter fit
. = 86 A and R = 1953. Porti h i
-l platelets dlsplays :, -8 pre:ir:) u:lty p:leSheg;taxons of the combined data set
NPT BT AN YT HPE 3
0.0001 0.001 0.01 0.1 1 two size Scales’
q (A)? tand D Q
Figure 1. Comparison of an integral calculation for a and a power -2 \j ‘W‘«\/ 1

platelet and the unified function using the same three pa-

rameters. Oscillations in the parallelipid calculation at Scaling regime ﬁ? f\‘~) :

high-q are due to monodispersity in the thickness. Gen-
erally, sample thicknesses are sufficiently polydisperse to
not display these oscillations.

Nano-Structured, Semicrystalline Polymer Foams.

J. Polym. Sci., Part B: Polym. Phys. 34(17), 3063-3072 (1996).




Gel scattering versus dense phase scattering.

10°

© PAN FOAM 9174
STRUT MORPHOLOGY
10‘ - w3 Parameter Lameilar Fit
° with Micron Scale Porod
(Ignores Struts)
== Lamellar Component of Fit

10*

10

10°

Absolute Intensity (cm)'l

102

10! »
0.0001 0001 001 0.1 1 10

- |
q (A)
Figure 2. Scattering data from polyacrylonitrile foam.
SALS, USAXS, SAXS, and XRD data. SALS data has
been scaled to match the intensity of the USAXS curve.
Others are in absolute intensity. For the 3 parameter fit

t = 86 A and R = 1953. Portions of the combined data set
were previously published.®

8 HDPE Bonse-Hart and Pinhole SAXS
107 - — Fibrillar HDPE -
—— Platelet HDPE

E 10° i
&
= o ]
w10 .
=
;g |
p— 101 .
&
.E -
F 10° -
-« 4
102 .
L LA llllll A ljlllll .1 lllllll A LAl lll! ' L ALLL
0.0001  0.001 0.01 0.1 1 10

q A"

Figure 3. Scattering data for conventional melt crys-
tallized polymers, HDPE with fibrillar, and platelet sec-
ondary morphologies.
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Figure 4. Attempt to fit data from UHMWPE foam
from supercritical propane using a 2D platelet model. Mi-
crographs display extremely large crumpled platelets or-
ganized into microscale spherical tertiary structures. For
the fit ¢t = 354 A, which agrees with micrographs. XRD
peaks are seen at high-q.

Figure 1. SEM micrographofsampleS-3, HDPE 1 (a commercial
high density polyethylene with M, = 7300 and M, = 43 000)
(rapid cooling).

Lamellar Structure and Organization in Polyethylene Gels Crystallized from Supercritical
Solution in Propane Ehrlich P et al. Macromolecules 24, 1439-1440 (1991)
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SANS from gel versus SAXS from extracted gel.

104' T T T T T T YT
% SANS Data 60°C Quench
) = DMF/Ethylene Giycol Gel
10° i © MEOH Gel
-~ & Foam
—~
5
— 2
S, 10
=
73
g o
-1 10
-
3
2 10
2
£
<
10
107 e e
34
0.001 0.01 0.1 1

Figure 9. PAN gels in deuterated solvents and PAN
foam display similar morphologies. This indicates that
there is little distortion on supercritically drying the PAN
gels.

4 © 1IPS Foam 400K 0°C
107 ) © A IPS Gel (decalin 10%)

Absolute Intensity (cm)'l

10" P T 4 68 65
0.001 b1 0.1 1

201
q (A)
Figure 7. Comparison of the same IPS gel and the cor-
responding supercritically dried foam. Increase in the slope

of the 2D regime indicates densification of the structure.
Foam data was previously published.®

In some cases structure is intransigent
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Block Copolymers:
-Single Phase Structure, Thermodynamics
-Microphase separated structure

# e
NS %;\oﬁ :
) £254%

-BCP micro phase separated structure can be determined using
SAXS or SANS (Strobl, G The Physics of Polymers Springer
Verlag 1997 gives a summary of this topic)

-SANS can be used to measure melt structure and enthalpy of
interaction (Y-parameter or A,)

-SAXS is used to study microphase separated structure

Microphase structure will strongly effect gel properties.
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A-Spheres A-Cylinders OBDD Lamellae OBDD B-Cylinders  B-Spheres
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| ] ! I 1

0.17 0.28 0.34 062 0.66 0.77

1 1
1 I

Fig. 3.38. Different classes of microphase-separated structures in block copoly-
mers, as exemplified by polystyrene-block-polyisoprene. The numbers give the phase
boundaries in terms of the volume fraction of the PS blocks. Figure taken from a
review article by Bates and Frederickson [25]

SAXS for microphase separated

structure.
(Strobl, G The Physics of Polymers
Springer Verlag 1997)

Homogeneous

T )

0p

For spheres you expect HCP
Scattering pattern
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oJe
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e
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q;=3q; For Lamellae

Fig. 3.39. SAXS curves measured for a series of polystyrene-block-polyisoprenes
with different molecular weights in the microphase-separated state: M = 2.1- 10%,
S(PS) = 0.53 (a); M = 3.1-10*, ¢(PS) = 0.40 (b); M = 4.9 10*, $(PS) = 0.45 (c)
(left). Transmission electron micrographs obtained using ultra-thin sections of spec-
imen stained with OsO4 (right). Structures belong to the layer regime. Data from
Hashimoto et al. [26]
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SANS: BCP’ s Single phase and
micellar structures.

F8&/no salt
7 26°C — 1 F88/0 IM K,CO,
0 N a1%e 10 kag on
At A aC 4 O 26C
-~ O s =3 A a2'c
g ® .«s;c 10 fed 2 O s53°¢
AR £ 713°C - v &°C
-~ E B e -"- = e
¢ i T § [=eees o 18
[ : @
ot | —
- o1
sor b — — o =
oot LA} 1 E
oJ ad il
Q(‘ ) T, ] 3 -....Ofl \
Figure 1. SANS data of 5 wt % P(E0)10P{PO)3P(EO)j05 in Q@Y
Figure 3. SANS data of 5 wt % P{EQ),;P (PO) 5P(EO) g4 in

pure D,0 solution at different temperatures. The markers are
the experimental data points, and continuous lines are the
theoretical fits corresponding to eq 3 for the unimer and eqs
1, 8, and 9 for the interacting micelles.

0.1 M KzCO; electrolyte solution at different temperatures.

PEO-PPO-PEO block copolymer micelles in aqueous electrolyte solutions:
Effect of carbonate anions and temperature on the micellar structure and
interaction Sukumaran, Beaucage, Mao, Thiyagaran Macromolecules 34 552-558 (2001).
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Orientation Studies of Nanostructure
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A M M

(c)

Fig. 1. Different orientations of the film: (a) MT onentation, (b) MN
orientation, and (¢) NT orientation. X indicates direction of the X-ray beam.

We consider 3 orientations
and examine HDPE /
montmorillonite
(quarternary ammonium
salt modified) / maleated
polyethylene cast films.

A laboratory SAXS
camera was used.
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SAXS WAXS (XRD)

A. Bafna et al. / Polymer44 (2003) 1103-1115 1107

(a) clay clusters/tactoids (0.12 pm),

(b) modified/intercalated clay stacking period (002) (24—
31A),

(c) stacking period of unmodified clay platelets (002)
(13 A),

(d) clay (110) and (020) planes, normal to (b) and (c),

(e) polymer crystalline lamellae (001) (190-260 A), long
period' and

(e) polymer unit cell (110) and (200) planes.

(b)) 24 M

2¢

Fig. 2. 2-D SAXS ((a) and (¢)) and WAXS ((b) and (d)) patterns for orientation MN (left face), NT (nght face) and MT (top face) of films HD603 ((a) and (b))
and HD612 ((¢) and (d)). The numbers in the parenthesis represent the reflections from the following: (a) clay tactoids, (b) modifiedfintercalated clay (002)
plane, (¢) unmodified clay (002) plane, (d) clay (110) and (020) plane, (¢) polymer crystalline lamellar, (f) polymer unit cell (110) plane (inner ring) and (200)
plane (outer ring).
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1108

(a)

Intensity (a.u.)

(b}

Intensity (a.u.)

Fig. 3. (a) SAXS log-log radial plots for clay and HD603, HD612 and HDOOO in orientation MN and MT. Here d. represents the d-spacing of the
intercalated/modified clay while d; represents the d-spacing of the polymer lamellar structures in the nanocomposite. (b) WAXS log—linear radial plots for clay

A. Bafna et al._ / Polymer 44 (2003) 11031115

10° € T e — "
2 ) ™~ —=—SAXS Clay :
o (@) Clay tactoids __ &, ~m- SAXS HD603 MN
10" Ethickness~0.12 pm —£-SAXS HD612 MN
E —A—SAXS HD603 MT 4
W —A—SAXS HD612 MT
10" ¢ -@-SAXSHDOOOMN =
E (e) Polymer Ia_rncllar ;i
| peak dj= 256 A (b) Modified clay peak -
10" “ . =24.2 A
0E =2715A 3
10'E 3
‘\ ]
of do=31.4 A7
10°F E
10" E E
10— T
0.001 1
10— T
—— WAXS Clay ]
: ) -X-WAXS HD603 MN ]
i ® ’:“’d}f‘e" clay peak ~E-WAXS HD612 MN |
sf =204 (d) Clay platelet (110) and —&~WAXS HD603 MT |
1074 (020) in-plane reflection  —&~WAXS HD§12 MT 3
(¢) Unmodified clay 2
peak d, = 12.5A ]
B () Polymer unit cell (110)
10" § and (200) planar reflections 3
10° |5 $ E
102 g— :
10‘ e o e oo Lo e Lo e Lo oo Lo
0.0 05 1.0 15 20 25 3.0
q(1/Ang.)

and the two films in orientation MT and MN. Here d, represents the d-spacing of the unmadified clay in the nanocomposite.

In 1(q) versus g we see
two d-spacings in the
SAXS regime associated
with polymer lamellae
and clay d-spacing.

Clay tactoids can be
identified.

For XRD (WAXS) we see
the clay spacing at low q,
clay lateral diffraction
peaks, polyethylene unit
cell peaks.

Two types of clay are
identified.
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A. Bafna et al_ / Polymer44 (2003) 1103-1115 1109
fa) g7 T 'I"‘»""I""IE
E e SAXS D612 Imaremited Gy ]
S
Orientation can identify
b the two types of clay,
R e B e — unmodified and modified
0 50 100 150 200 250 300 350 . . .
AratalAnge (Goree since they orient in
* uooié o '—'l'—ISo;XYSH[;6:2;'o|);m'erlla'm;la'\eleN' R dlﬁerent d|reCt|OnS.
E —&— WAXS HD612 Intercalated clay MN
- x- WAXS HDB12 Polymer (110) unitcell plane MN

1400 —H- WAXS HDB12 Unmodified clay MN
—&— SAXS HD612 Intercalated clay MN

This can be seen better
in a Stein/Desper plot.

]
j
E
.
3

= 1000 !
; | N
= |
z 2
Z s00% \ '
g | !
i : " d
600 [ 1 J
i
400
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o SRR N - 3 s )
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Azimuthal angle (degree)
Fig. 4. (a) Azimuthal plot showing the orientation of intercalated clay platelets in HD603 and HD612 in film MN orientation (data averaged from g = 0.15—

130 A™Y). (b) Azimuthal plot showing orientation of unmodified clay, intercalated clay, polymer lamellae and polymer unit cell (110) plane in HD612, The
solymer lamellae curve has been truncated owing to the bright anisotropic streak associated with tactoids at 90 and 270° (Fig. 2) as discussed in the text.
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PHaACOX
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A. Bafna et al_ / Polymer 44 (2003 ) 1103-1115

Random onentation

SAXS HDEQ3 Clar tactad

SAXS HDE03 Modified day piatelet

VWAXS HD503 Modified clav platelet

WAXS HDEO3 Unmodified clay platelet
WAXS HDGO3 Oay (110)/(020) dane
SAXS HD603 Paymer lamelas (002)
WAXS HDBO3 Polymer (110) unitcel plane

SAXS HDG12 Clay tactod

SAXS HD612 Modified day platelet
WAXS HDE12 Modified clay platelet
WAXS HDB12 Unmodified clay platelet
WAXS HDB12 Clay (110)/(020) pane
SAXS HDG12 Palymer lemelae (002)
WAXS HDG12 Potymer (110) untcell

TD

Normals to planes
are plotted using
the cosine of the
angle to the three
priciple sample
directions.

Unmodified are
identified with
tactoids.

Modified align
normal to polymer
lamellae.

1111

Fig. 6. Wilchinsky triangle [29-32] for average normal orientation of clay tactoids, unmodified clay platelets, intercalated clay platelets, clay (110)/(020)
plane, polymer lamellae (001) and polymer (110) unit cell plane of HD603 and HD612 examined here. For a completely mndom oriented sample a point in
the center results. (- - -) Points on this line have their normals mndomly amanged in a MT projection. Proximity to ND reflects coplanarity with the MT plane.
(——+=) Points on this line have their normals randomly arranged in the NT projection. Proximity to MD reflects coplanarity with the NT plane.



Tactoids (~0.12um in thickness) Stacks of unmodified
composed of a stack of 40-50 modified/ clay platelets with d-
intercalated clay platelets with d-spacing spacing of <13 A

of =30 A and lateral width of ~16000 A

ﬁ (Not te scale)
||| -~ N
ﬁ<|:j" T

(c) \ "

Stacks of polymer
lamellae with d-spacing
of ~250 A

Fig. 7. Schematic of the orientation of (a) tactoids of modified/intercal ated
clay platelets, (b) unmodified clay platelets, and (¢) polymer crystalline
lamellae in the nanocomposite films.
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Sodium Laureth-1 Sulfate Surfactant
SLE1)

12- Carb tail
00 Anlonlc surfactant: model

\ 7/

Na* 0" o/\/o\/\/\/\/\/\/ detergent for soaps shampoos

1
10 5 DB.EDDDDD Hi salt : SR
1w% SLE1, 6.13 w% NaCl ., o D(BranChed) » V
— 01 | o / St
CtLU % o A
= ) S ®
O o s
<) =
. © o001 }
. Hi salt G -hisalt]
(Branched) ©G" - i salt| « Lo salt
A —— “hiset| 1wW% SLEA
o [rad/s] 0.0010.001 001 o . 1 10 100 1000 & CANo
Maxwell model fit: 7187

G=25Pa,A=1.7s
« Zero-shear viscosity matched
* 1% and 0.25% sodium laureth-1 sulfate (SLE1) in D,O with NaCl
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Velocity-Velocity Gradient (> é{)
(1-2 Plane) "

Couette
Shear Cell

Rheo-SANS slit

“Radial”

Velocity-Vorticity <©- A o
(1-3 Plane) L:\« AN

o 1-2 shear cell” (NIST)

Velocity, 1

N

Gurnon et al., JOVE 84 (2014)
e51068.

= Tangential”

A

1L~
84
Vv

T
o

Velocity Gradient-Vorticity  Velocity Gradient, 2
(2-3 Plane)

Image from A.K. Gurnon, K. Xu, N. Wagner
http://sites.udel.edu/wagnergroup/files/2013/04/couetteshearcell-1.jpg
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Prior Rheo-SANS of Branched

4.5 w% EHAC

1.5 w% EHAC

WLMs ..

CH,CH,OH | CI

e Published work34
suggests branching
hinders shear-

+
CgH,,-CH=CH-C,H,,-N-CH,
|

Zero-shear viscosity [Pa-s]

: CH,CH,0H
alignment % 1
Erucyl bis(hydroxyethyl)
N methylammonium chloride
EHAC surfactant A 9 I

WLMs w/ KClI salt
* A general trend?

« See talk and poster
by Calabrese et al.

— Spatially-resolved

-

o

o
1

LAOS
: 1-3 shear plane (“radial”) rheo-SANS patterns
— Thursday momning for 4.5 w% EHAC at #= 10 s~

3. Croce et al., Langmuir, 21 (2005) 6762.
4. Qietal. J. Coll. Int. Sci. 337 (2009) 218.
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Radial 2-D Rheo-SANS Patterns (HFIR)

HFIR rheo-SANS
commissioning
(March 2013)

Hi Salt
(Branched) _
g =0.01-0.1 A

Lo Salt
(Linear)
g =0.01-0.1 A
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Summary

-SAXS/SANS are useful for a wide range of problems.

-In house instrumentation can be coupled with national
and international user facilities under proprietary
agreements ($1,000 range).

-SANS can compliment SAXS and microscopy when
contrast enhancement is needed.

-We can categorize SAS measurements according to
classes of materials with somewhat different analysis
techniques for different classes.
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Software for My Collaborators/Students
(And Me)
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Particle Size Distribution Curves From SAXS

All Methods are available in Jan llavsky’ s Igor Code
http://www.uni.aps.anl.gov/usaxs/

Anomalous Scattering

Irena manual, version August 2004
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Particle Size Distribution Curves From SAXS

All Methods are available in Jan llavsky’ s Igor Code
http://www.uni.aps.anl.gov/usaxs/

Unified Fit (Not all implemented)

Irena manual, version August 2004
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Particle Size Distribution Curves From SAXS

All Methods are available in Jan llavsky’ s Igor Code
http://www.uni.aps.anl.gov/usaxs/

Sphere (or any thing you could imagine) Distributions

Irena manual, version August 2004
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Particle Size Distribution Curves From SAXS

All Methods are available in Jan llavsky’ s Igor Code
http://www.uni.aps.anl.gov/usaxs/

Maximum Entropy/Regularization Code (Jemian)

Irena manual, verzion August 2004
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