Electronic Supplementary Material (ESI) for Soft Matter.
This journal is © The Royal Society of Chemistry 2018

Supplemental Information: Swelling Responses of Surface-Attached Bottlebrush Polymer

Networks

Adeline Huizhen Mah, ™t Hao Mei,$ Prithvi Basu, | Travis Laws, # Paul Ruchhoeft, |l Rafael

Verduzco,¥* Gila E. Stein*

T Materials Science and Engineering Program, University of Houston, Houston TX 77204;
iDepartment of Chemical and Biomolecular Engineering, University of Houston, Houston TX
77204; 3 Department of Chemical and Biomolecular Engineering, Rice University, Houston TX
77006; # Department of Chemical and Biomolecular Engineering, University of Tennessee,
Knoxville TN 37996; | Department of Electrical and Computer Engineering, University of

Houston, Houston TX.



A. NMR for Bottlebrush Polymers
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Figure S1. 'TH NMR spectra of NB-PS-CTA macromonomer (a), P(NB-PS-CTA) bottlebrush
polymer (b) and P(NB-PS-SH) bottlebrush polymer (c) in CDCI; at a 10mg/mL concentration



Figure S1 illustrates the '"H NMR spectra obtained for a PS macromonomer (Figure Sl1a) PS
bottlebrush before the removal of the chain transfer agent (CTA) and PS-SH bottlebrush after the
removal the CTA. The removal of the CTA terminal group is indicated by the disappearance of
the peak at 3.25ppm which corresponds to the hydrogen on the dodecyl chain.

B. Gel Permeation Chromatography (GPC)

Figure S2 reports the GPC traces for the respective PS bottlebrush polymers used in this study.
The dotted black line represents the linear PS macromonomer, NB-PS-CTA, while the solid
green line represents the CTA terminated PS bottlebrush polymers, P(NB-PS-CTA). Finally, the
red solid line represents the thiol-terminated PS bottlebrush polymers obtained after aminolysis.
After aminolysis, the bottlebrush peaks are shifted to longer retention times which indicates a
decrease in overall molecular weight. Note that a small percentage of BB_200 material is slightly
crosslinked during aminolysis, so some of the bottlebrushes have f2=2%65 pranches. However,
this has little impact on the analysis by Eq (5) in the manuscript, as the f 2-containing term is
already negligible when f2=165 The residual macromonomer could be incorporated in the
network as a crosslink or dangling chain, or it could be extracted during the soak step (prior to

swelling).
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Figure S2. GPC traces of PS bottlebrushes and macromonomers used. (a) BB_60 (b) BB_65 and
(c) BB_65. The macromonomers, NB-PS-CTA are represented by the dotted black line, the
bottlebrush polymers with the CTA end group, P(NB-PS-CTA) are represented by the solid
green line and the bottlebrush polymers with the thiol end group, P(NB-PS-SH) are represented

by the solid red line.



C. Optical Microscopy of Polymer Films

Optical microscopy images of the linear and bottlebrush PS polymer thin films crosslinked at
1.8mJ/cm? were acquired using a NIKON LV150 reflected light microscope. The images were
acquired at 50x magnification for both linear and bottlebrush PS polymers with overall
molecular weight of ~60kg/mol (Figure S3) and 200kg/mol (Figure S4). At a crosslinking dose
of 1.8mJ/cm?, these films exhibited the largest extent of swelling and were still optically flat over
tens of micrometers after the swelling measurements. The difference in image color before and

after swelling is due to differences in illumination, not thickness change.
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Figure S3. Optical microscopy images (50x) before swelling measurements (left) and after
swelling measurements (right) of linear and bottlebrush PS polymer thin films with an overall
molecular weight of 60kg/mol that were crosslinked at 1.8mJ/cm?. The polymers are represented
in each row where (a-b) L_60, (c-d) BB_60 and (e-f) BB_60.
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Figure S4. Optical microscopy images (50x) before swelling measurements (left) and after
swelling measurements (right) of linear and bottlebrush PS polymer thin films with an overall

M,, ~ 200 kg/mol that were crosslinked at 1.8mJ/cm?. The polymers are represented in each row
where (a-b) L 214, (c-d) BB_200.



D. Comparison of Swelling in Toluene and THF

The following figures compare trends for swelling in toluene and THF.
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Figure S5. Normalized residual thickness (NRT) of surface-attached polystyrene networks as a
function of radiation dose. Overall molecular weights of a) M, ~ 60 kg/mol; and b) M, ~ 200
kg/mol.
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Figure S6. Swelling ratio of surface-attached polystyrene networks as a function of radiation
dose. Overall molecular weights of a) Mw ~ 60 ko/mol; and b) Mw = 200 kg/mol.
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Figure S7. Calculated concentration of elastically effective chains (“e) as a function of radiation
dose.
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Figure S8. Measured swelling ratio as a function of calculated concentration elastically effective

ho/h~c”

03
chains. Grey line marks the scaling e . Note: Data for swelling in THF are scaled to

account for the dependence on X and P1in Eq. 8 of the manuscript.
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E. Equilibrium Swelling of Polymer Networks: Corrections for Architecture and

Confinement

The following pages summarize the derivation of Flory’s free energy model for equilibrium
swelling of polymer networks.! We include two modifications that account for the thin film

geometry and the different polymer architectures: First, the swelling is restricted to one

dimension,? as the networks are attached to a substrate with covalent bonds. Second, to describe

the bottlebrush architecture, we include the formation of intramolecular “crosslinks” with

N, N,

junction functionality "' where "» is the number of branch points.?

L. Linear Polymer Precursor

Our aim is to derive a function for the equilibrium volume fraction of polymer ¢2, which is
related to the equilibrium extension ratio - Towards this aim, we develop the change in free

energy due to the swelling process:

(Eq.1) AG=AH-TAS

We start with the analysis for crosslinking a linear polymer. Following the approach from
Flory'#4, the swelling entropy of a cross-linked polymer network (AS 4) is calculated from three

changes of state (Figure S9):

11
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Figure S9. Path to calculate swelling entropy of a crosslinked polymer network.

The entropy change from joining V linear chains into 2v/f crosslinks, producing a network, is
calculated with Boltzmann’s Law and Sterling’s approximation from the probability function in

Eq. 2:

(Eq.2) Q= (E)Mf —nﬁ[(ﬂ)! f-1

4 f

f is the junction functionality, A7 is the volume increment, ¥ is the system volume, and X is

Boltzmann’s constant. First, for crosslinking in the dry state, we have

(Eq.3) S,= 2k(f - 1)ln(2vm)

f Voe

Where Y0 is the dry system volume. Second, the entropy change for dissolution of ¥ chains in ™1

solvent molecules follows the ideal mixture model, and is

(Eq.4) S,= -k[nyin(1-¢,)+vin(¢,)]

12



where 2 is the volume fraction of polymer in the polymer/solvent system. Third, the entropy

change for crosslinking of v linear chains in ™ solvent molecules, thereby forming a swollen

network, is

(q.5) $,= 20U - Dzn(zvm) +5,

f er

Note that the first term in the entropy defined by Eq. 5 is the same as Eq. 3, except the dry

%4

volume " 0 is replaced by the swollen volume V. The elastic entropy term in Eq. 5, Set, describes

the affine deformation of v Gaussian chains due to swelling:
kvia 2, 2
(Eq.6) S, =- 7[AX + 25+ 27 - 3] + kvin (2,4,2,)

The parameters Aohy and Az capture the extension ratio along each direction. Finally, combining

all the individual processes, and noting that b2 =Vo/Vy, yields the entropy change for the

swelling of a crosslinked network:

(Eq.7) AS,
2kv(f -1

k
=S5,+5,-5, = 7”[/15 + 22+ 22 3] + kvln (LA,2,) - kny In(1 - ¢,) + -

The typical junction functionality for a random crosslinking process is f =4, and this value is

used for subsequent derivations in this section.

The enthalpy of mixing captures non-ideal solution behavior through a van Laar function

(Flory-Huggins),>¢

(Eq.8) AH=kTyn,¢,
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where X is the polymer-solvent interaction parameter. We then substitute Eq. 7 and Eq. 8 into Eq.

1, which yields

(Eq.9) AG
kT
= kTyn b, + Tv[zﬁ + 27 + 22 - 3] - kTvIn (A,A,4,) + kTn, In(1 - ¢,) -
In(¢,)

2kTv(f -
f

At equilibrium, the solvent’s chemical potential is the same both inside and outside the network,

1.e.,

0AG

(Eq.10) py-py=——|;p=0
ony |

o
where #1 and #1 are the chemical potentials of solvent in the network and pure solvent,
respectively. To evaluate the partial derivative in Eq. 10, we make the following substitutions in

Eq. 9:

nVy
| ] ¢1 = —
nV,+V,
VO

| ] = —

& WV, +V,
Note that V1 is the solvent molar volume. We use the chain rule to evaluate A-dependent terms in
Eq. 10:

OAG|  OAG| 02

on, "~ oz ["Pon, |
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1

"3
A=,=1,=1=¢,

The extension ratios are all equal for isotropic swelling, i.e., . Evaluation of

Eq. 10 with f =4 leads to the following expression for equilibrium swelling in three dimensions:

Vl
(Eq.11a) x¢5+1In(1-¢,) +p,=v—

E _41/3
VO

2 2

The swelling of a surface-attached film is constrained to one-dimension, z, so Ae=2y=13nd
A, =1/$3 2 Therefore, the entropy change due to swelling is modified, and evaluation of Eq. 10

leads to the following expression for equilibrium swelling in one dimension:

¢

14
(Eq.11b) x¢?+1n(1-by) + b, = vv—l
0

Lastly, for an imperfect network that includes some “dangling” chains, we define the number of

effective chains as V = Ve,!* with

(Eq.13) v, =v,|1-

M, f _Vopl'l M, f _Vopl'l 2M,
Mf-2| M| Mf-2| M| M ]

where Y0 is the number of network chains, M

x is the number-average molecular weight between
crosslinks, M is the primary number-average molecular weight of the system (before
crosslinking), and £ is the polymer density. (A perfect network is achieved when M=%, as this
eliminates chain ends.) This correction assumes the average length of each dangling end is My,

=Ye/Vo, the number of effective

=n,/V,

Finally, the concentration of elastically effective chains is e

junctions in the system is ™ = 2V¢/> and the molar density of effective crosslinks is “x

15



IL. Bottlebrush Polymer Precursor

The derivation for crosslinking of bottlebrush polymers follows a similar analysis as the
preceding section, but we treat the bottlebrush backbone as a pre-formed junction with
functionality f=Ny where Vb is the degree of polymerization for the bottlebrush backbone. The
entropy change is calculated from a new path that is illustrated in Figure S10, which follows
closely to the derivation first reported by Cima and Lopina.? The enthalpy of mixing still follows
the form of Eq. 8.

xlink to xlinking
form BB BBs drv BB
e _ ry
v chains (H— 4)— network
+ n4 solvent | | + n4 solvent
molecules (i) (j) molecules
dissolved __(3)_5 —(5)—s swollen BB
chains . - network
xlink to xlinking
form BB BBs

Figure S10. Path to calculate swelling entropy of a crosslinked bottlebrush polymer network.

To calculate the swelling entropy, we now define the probability of forming 1) bottlebrush cores
with functionality fa=N b; and 2) crosslinks between arms with functionality f1=4% The number
of chains ends in a radiation junction is Yo, and the number of chain ends in a bottlebrush
junction is Vb, If we assume that the probability of joining of two bottlebrush side-chain ends at
their ends is very low, so the total number of effective chains is ¥ = Yo * Vo/2 This leads to the

following probability function for the bimodal distribution of crosslinks:3

fz_l fl_l

[7)

I

)
%)

(Eq.14) Q=

{szT)zvb(fz -D/f, (f 1AT)2(UO -vp/2(f1 - D/f4
14

fz_l
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With application of Sterling’s approximation, we derive the entropy of network formation in
both the dry (5 17 54) and swollen (53 *+55) gtates. The expressions become quite cumbersome, so
for brevity, we note that most of the terms will cancel when calculating the full path in Fig 2. As

a checkpoint, we have:

vy, 2v5-V,
(Eq.15) S5+ 8S5-5,-5,= k| -—~-
2 1

+ 2vy|In(¢,) + S,

Sel was previously defined in Eq. 6, but for the bottlebrush system we replace v by Yo~ Vo/2, The

total entropy change for the swelling process is then

(Eq.16) AS,
vy 25—V,
=55+S3+SZ—S4—51=k—f—2— i

In (2,A,2,) - k[n In(1-¢,) +vin (¢,)]

+ 2v,

k Vb\ra2 |, 42 L 42
ln(¢2)—zv0—?[ﬂx+ly+lz—

And the total free energy change is

(Eq.17) AG
kT Yo\t2 .2 2 Vb
= kTxmydy +—vo=— [A%+ 4, + 27 - 3] - kT|v, - — |in (A AA,) + kTny In(1- ¢

In(¢,) + kvTin(¢,)

Following the same procedures as before, i.e., the application of Eq. 10 and related substitutions,

we arrive at the equilibrium swelling relations for bottlebrush networks. The results for isotropic

17



and one-dimensional swelling of bottlebrush polymer networks are reported in Eq. 18a and Eq.

18b, respectively:

, v V4 v, 2 1/3)

(Eq.18a) )(¢2+1n(1—¢2)+¢2=(v0—7)v—o m-l—f_l ¢,- ¢

270 b .

) A v, 2 .

(Eq.18b) )(¢2+ln(1—¢2)+¢2=(v0—?)v—0 m+f—1 b,-90,
V2o =V

Equations 18a and 18b can be written in terms of the molecular weight between crosslinks by

making the substitution?

(Eq.19) vy— 2 P R W P
. Vp——=V, = |V — - [ —— -
q 0 2 e 0 MX

The parameter Msc is the molecular weight of a bottlebrush side-chain, and the dangling end

correction (one per side-chain) is based on a junction functionality of f1=4 Substitution of Eq.

19 into Eq. 18b leads to

X S

Fa.20) 13 +in(- )+ = 1 YL Dy e
. ? ? ? M MC Z(Msc/Mx_l) 2 ? ?

As discussed in the preceding section, this correction assumes the length of a dangling end is Mk,

III.  Scaling Law

Both swelling relations for surface-attached films, meaning Eq. 11b and Eq. 20, can be written in

a more compact form:

(Eq.21) xd%+In(1-¢,) + b, = a[bd, - 7]

18



Expanding the In term to second order in $2 and substituting A=1/ ¢2, we arrive at

1

1
(Eq.22) 23-bA= (— - X)—
2 a

When crosslink density is high, meaning Mx is small, we have b = 0.5 for both bottlebrush and

d(J,OCVl/M

linear primary polymers, an x This leads to the scaling

(Eq.23) A«

1 \M,
Al
2 "),

x1/M

As the concentration of elastic chains in this limit is e » we can alternatively write

(Eq.23) Ax

1 1l —1/3
(2 X)Vl] ‘e

19
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