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In the Supplementary Information (SI), we present system details, model calculations for particle distribu-
tions driven by COq diffusiophoresis, and supplementary experiments.

List of supplementary videos

V1: Charged particles near a dissolving CO4 bubble (HS-B)

V2: Macroscopic particle accumulation and exclusion near a COy bubble (HS-B)
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I. System description and model calculations

We set up a one-dimensional model to understand particle distribution relative to the bubble interface and the
PDMS boundary. Prior to setting up the model, we describe the detailed geometry used in the experiments,
and define nondimensional variables frequently mentioned in the main text.
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Figure S1: COs-driven diffusiophoresis in Hele-Shaw cells. (a-c) Schematic of particle (negatively charged) motion near
a COq source. (a) Chemiphoretic and (b) electrophoretic contributions to the diffusiophoretic motion are in opposite
directions with electrophoresis dominating, (¢) a negatively charged particle migrates away from the COy source. (d-e)
Schematics of CO4 bubble experiments. A CO» bubble of initial radius ag is injected into a Hele-Shaw cell that is initially
filled with a particle suspension. (f-g) Schematics of fixed boundary experiments. In the Hele-Shaw cell, we put one more
circular spacer (PDMS) to have an inner cell (radius a) in which COy can be pressurized. The pressurized CO3 then
dissolves into the particle suspension through the gas permeable PDMS wall. Radius of the outer PDMS wall is b = 11
mm. The height of the Hele-Shaw cell is 500 pm.

COaq-driven diffusiophoresis in an aqueous phase is achieved by dissolution and dissociation of CO4 in water,
which is described approximately by

k
CO, + Hy0 <& HY + HCO3 . (1)

kr.
Due to the large difference in the diffusivity of the two ions, D+ = 9.31x107? m?s~! and DHCO; =1.19x107?
kT D, — D_
?ﬁlng ~ —60 mV (for 62/01 == 20, Cc1 — 2.7 x 10_6
M and ¢y = 5.37 x 1075 M, concentrations of ions in equilibrium with ~ 20 kPa and ~ 0.05 kPa CO3)? is
created and diffusiophoresis of charged particles is achieved with a dominant electrophoretic contribution (Fig.
S1(b,c)). The diffusiophoretic velocity u, of particles under the ion concentration gradient Ve; is written as
up, = I',Vinge;, where I', is the diffusiophoretic mobility of the particles under concentration gradient of a z:z

electrolyte;*
€ kT 2kT zeC
r,=—— — —1 1 — tanh? == . 2
P 1 ze [5@ < tan 4k:T>] (2)

The formula for the mobility is derived by assuming a thin double layer and local charge neutrality.

Here €, pu, k, T, e and ( are, respectively, dielectric permittivity of the solution, dynamic viscosity of the

D, —D_
solution, Boltzmann constant, absolute temperature and the zeta potential of the particle. 8 = DJFT is
Jr —

the diffusivity difference factor, which determines the strength of the local electric field E = —V¢ induced
by the difference in diffusivities of the ions. In Fig. Sl(a-c), the direction of diffusiophoresis of negatively
charged particle is described schematically. As the electrophoresis and the chemiphoresis contributions to the
diffusiophoretic motion are in opposite directions, with the dominant contribution due to electrophoresis, a
negatively charged particle is expected to migrate away from the source of COs, following the rapidly diffusing
H* ions.

m?s!, a large diffusion potential ¢o — ¢ = —
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We study COs-driven diffusiophoresis in two different systems; one with a moving boundary and the other
with a fixed boundary (Fig. S1(d-g)). In the first system, where a COy bubble (initial radius ag ~ 2.5-3
mm) is introduced in a circular Hele-Shaw cell (Fig. S1(d,e)), we observe a distribution of charged particles
near the shrinking bubble interface, which moves radially inward as CO» dissolves into the solution. In the
second experimental system (Fig. 1(f,g)), COz is pressurized at a constant pressure (3 psig) in an inner cell
(radius @ = 3 mm) that is concentrically located with the outer wall of Hele-Shaw cell. As a result, we observe
and track the particles near the fixed boundary where COs dissolves through a PDMS wall into a particle
suspension.

In the bubble dissolution system, a CO2 bubble with initial radius ag shrinks at a typical speed % ~ %)1 ~
O(0.1-1) um/s until the gas exchange reaches steady state within ~ 7 = t/a3/Dy = 1.} D; is the diffusivity of
COg2 in water. The typical diffusiophoretic velocity u, scales as u, ~ E—g ~ 0(0.1-1) pm/s. The relative motion
of particles and the shrinking interface creates charge dependent particle distribution near the equilibrium
bubble.

In both systems, we observe local and macroscopic particle accumulation or exclusion. With one-dimensional
model, we will calculate particle distribution along the radius of Hele-Shaw cell, and compare the macroscopic
boundaries of particle accumulation and exclusion with the experimental measurements. The local exclusion
zone (EZ) growth in the fixed boundary system (HS-BC) is shown in Fig. S2, and the growth of EZ is pro-
portional to /¢ at early times (Fig. S2(c)). The boundary of EZ in the experiments is defined as the radial
position where the normalized intensity value is 1.
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Figure S2: Growth of local exclusion zone (EZ) in HS-PC system. (a) Images showing exclusion of polystyrene particles
near the PDMS wall. Scale bars are 100 pm. (b) Normalized intensity plotted versus radial position. We define the
boundary of the local exclusion zone as the radial position where the normalized intensity is 1. (¢) Growth of EZ plotted
versus time. Inset: Growth of EZ plotted versus /7 showing early dependence on v/%.

A. Diffusiophoresis of particles near a dissolving CO, bubble

Consider a CO4 bubble generated in a Hele-Shaw cell (Fig. S3(a)), dissolving into the aqueous suspension of
particles. We start by writing one dimensional diffusion-reaction equations for CO4 ions and air. Let ¢, (r,t)
(m = 1,2) be the mass concentration of CO2 and air, and ¢;(r,t) be the concentration of ions. Then for COaq,
ions and air, we can write

Oc ada dc D, 0 dc

5 i o (o) b ke .
Oc; adadc; Dy O Jc; 2

Tt = e (1) + b — ke W
Oco adadcy Dy O ( 802)

vt or "o

ot ' rdt or 1 Or

where a(t), D1, D4 and Dy are, respectively, the radius of the bubble, CO2, ambipolar and air diffusivities.
Before solving the equations with appropriate boundary conditions, we would like to evaluate the influence of
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Figure S3: Schematics for model calculations: (a) COs-driven diffusiophoresis near a dissolving bubble, and (b) near
a COg-pressurized cell.

the reaction kinetics on the bubble dynamics by rescaling the equations (3) and (4). Let

_ C1 _ C; a _ T t
= i:77R:77 = = 5~ 6
“ Cls(o)  © Cis(o) ag " a T a%/Dl ( )
where ¢15(0) and ¢;5(0) are concentrations of CO2 and ions at the bubble interface at ¢ = 0. Then
1
0 RdR 0¢; 8251 10¢ D kf 2 9
> ———— = —— F —— — — — G 7
e e T 7 \ krcis (@ -, (7)
i -1 by \? _ cis(0)
where 7p = DT (krcis)” and e )~ e1a(0)
[0, RdAROg - (0% 10g
4) = 1| %G frahoa g R | PR
():>TD[87+rd78r A<8T2+rar>] “a=C (8)
where Dy = %‘1‘.
Therefore, we obtain for 7; <« 7p and Gis ig; <1,
Cis
— d — 27 1 —
El—égannd %+R Roe;  9%e oey (9)

or | Fdr or  OFr ' FOF
In other words, we can decouple the reaction and dissolution of COs, given that the system parameter satisfies
Cis(())
015(0)
the liquid phase, and the equation kycq — ch? = 0 holds. The ion concentration ¢; = y/kfc1/k, can be obtained
by knowing the concentration c¢; of dissolved CO2. Now the COs and ion concentrations are decoupled, CO»
concentration can be solved by considering the multicomponent gas dissolution in the system.

the conditions 7; < 7p and < 1. As a result, we can assume local chemical equilibrium everywhere in

Now let’s consider the equations for multicomponent gas dissolution.

Oem  adadcm Dm0 ( Ocm (10)
ot rdt Or  r Or or )’
Mass conservation at the bubble can be written as
d, o ada Ocm
%(ﬂ'a hpm) + 2mah <7‘ dt0m> . = 27['(1th (87")7‘:(1
da adpm da e,

m 5, P ms 5, — Dm a_ ) 11
= P T T <8r>r_a ()
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where py, is the density of gases (m = 1,2) in the bubble. Applying ideal gas law p,, = pmRgmT, where
DPm, Rgm and T are, respectively, the partial pressure of gases in the bubble, specific gas constants, and the
absolute temperature,

1 da adpm ocm
1+ knRomT)pm— +=——| =D | — . 12
RymT (L K BomT)pm 3 + 5 dt] <8r>r:a (12)

Note that the Henry’s law ¢ps = kppm is used with the Henry’s law constant k,, (m = 1,2). At the bubble

interface,
gl dp1 | dps 7 da
Prtp2=pat o, and “pm a2 dt ’ (13)

where v is the interfacial tension.
Equation (12) can be written for each species as below.

1 da adpy| Oeq
BT [(1 Ay m} =D (m)m (14)
1 da  adps Odco
1+ aAB)p, 2 4 2921 _ p, (92 1
RpT [( TadBlpag + 3 dt} 2 (ar>7_a ’ (15)

where a = Rga/Rg1, A = k1 Ry T and B = ko /k1. Summing up these two equations we obtain

dt ﬁ [Pa + 25 + Alp1 + aBps)]

The initial and boundary conditions for ¢, (r,t), pn(t) and a(t) are (m = 1,2),

Cm(T‘, 0) = Cmoo (17&)
cm(a,t) = cms(t) (17b)
880:1(6, t)=0 (17¢)
p1(0) = pa + alo (17d)
p2(0) =0 (17e)
a(0) = ap (17f)

where ¢, is the concentration of gases in the liquid that is in equilibrium with atmospheric condition. Note
that we assume the wall r = b to be impermeable to gas. In the experiments, the wall is made of PDMS,
which is permeable to CO3. However the effect of wall » = b is expected to become significant for times later
than the typical time scale of experiments (t > 7p = aD—%). Therefore, the boundary condition %!T:b =0is
reasonable.

By solving equations (10) and (14-16) with appropriate boundary conditions we obtain ¢;(r,t), and from
the chemical equilibrium condition we obtain ¢;(r, t) which is used for calculations of diffusiophoretic velocity.

The diffusiophoretic velocity of particles in r-direction is

Olng;
up =17 or (18)
Then the particle distribution in the liquid phase can be obtained by solving
on 10 ada D, 0 on
vy -2 - — - - 1
8t+r8r [T<up+rdt)n] r Or <T8r> ’ (19)
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where D, is the diffusivity of particles. Note that in this model we do not consider the volume of a single
particle and also particle-particle interactions. Boundary conditions for n(r,t) are,

n(r,0) =ng (20a)
on
or|_, = 0. (20b)

The boundary condition at 7 = a can be written separately for different surface charges of the particles. Since

we expect the positively charged particles to accumulate at the moving interface, =0 for I', > 0.

on
or|._

Negatively charged particles always migrate away from the moving interface, which means that we can simply
assume n(a,t > 0) =0 for I', < 0.
The equations can be nondimensionalized by defining

T - N I
c1s(t) cos(t) — oo T cis(t) no ’ Pa’ Do aopa ' © Dy’

— F D2 k2 t a _ b B r

F:i7Q:7’B:77A:k1R1TJT:77R:77b:777,:7 21

P Dy D1 ) 9 a2/ D, p” a0 ” (21)

Note that the definitions for ¢, and ¢;, we now use ¢ps(t) and ¢;s(t) for nondimensionalization. The
nondimensional equations are,

C; = \/a (22)
0¢, N ¢ dp1 | RdROe 0%¢; 1 0e;

o Tpor Trdror o 7o (23)
0¢ca Co dps R dR Oco (9252 1 0¢ey
—= St Q| ==+ 24
8r+p—1dr+fdraf Q<8f2 T or (24)
ar 7 (%), +eQBE-1) (%), )
dr L[+ 55] + (P + aBp2)
1 _dR Rdp; _ [(0&
1+ A — + =222 = - 2
A[(+ )p1d7'+2d7'] pl(@F)R (26)
1 _dR  Rdp,] _ 0y
1o+ aammt + 2] — aon(a - (W)R (27)
ap:f Olng; :&8lncl (28)

Pror 2 or )
on 19 [F (F”alncl +RdR> ﬁ} = %; <fan) . (29)
T T

or ' For 2 oF | Fdr
The nondimensional initial and boundary conditions are,

Cloo

a(r,0) = e (0) (30a)
a(R,7)=1 (30b)
gl (30c)
8F F:B

& (7,0) =0 (30d)
(R, 7) = 1 (30e)
g2l _y (30f)
or |




D =1 =147
p1(0) =1+ R0) + (30g)
p2(0) =0 (30h)
R(0)=1 (301)
n(r,0) =1 (307)
on
= k
o), " (30Kk)
on — B _
— =0 for ') >0 and n(R,7)=0 for I', <O . (301)
OF |i_p
L : _ = . o~ T—R
For calculations in the domain a < r < b or R < 7 < b, we rescale the equations once more with 7 = -
Rescaled equations (22-29) are,
% L a Cl dp1 R dR 0¢;
or ' p1dr = (b— R)[(b— R)7 + R] dr 9F
1 ¢ 1 ¢
-t oa, 1 o4 (31)
(b— R)2 OF (b — R)[(b— R)F + R] oF
@ n Co @ n R dR 0¢y
or  pa—1dr ' (b—R)[(b— R) + R] dr OF
=Q ;8202 +1(b— R)[(b— R)F + R] ocs (32)
~ T L(b-R) or? oF
ar 7 (%) _ +aBm-1) (%)
TR (%)
T 1 (1+55) + (b= R)(p1 + aBp2)
1 _ dR R dp1 . p1 861
xlaran 3 dT] P ( ) (3)
1 dR R dpg . OZQB P2 — 1
N r, oO0le¢
R — 36
"TO0-R) oF (36)
on 1 r dlne; R dR
— b— +R L = — | n
o " G_RIb_RF+ RO {K R+ ]< b—R) i 0-RFt R d7>”]
D on
= — _ = — . 37
G- B - A% | 1o F) %) BT
The rescaled initial and boundary conditions are
- Clco
a(r,0) n(0) (38a)
a(0,7)=1 (38b)
oey
ﬁ(lﬂ') = (38¢)
é(7,0) =0 (38d)
c2(0,7) =1 (38e)
0¢y
—(1,7) = f
57 (L7) (38f)
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Figure S4: Nondimensional bubble radii R(7) obtained from experiments and the model are plotted versus nondimen-
sional time 7.

n(r,0) =1 (38g)
on

on\ - _ h
o)., " (38h)
on _ . _ _
5 =0 for I'y>0 and n(0,7)=0 for I', <0 (381)

7=0

p1(0)=1+T (38;)
p2(0) =0 (38k)
R(0) =1 (381)

For a bubble with initial radius ag = 2.75 mm,>”

A=085, B=0.0143, I' =0.00024 , Q=1.04, b=4, k; = 1.5 x 107° kg/m>Pa ,
ko =215 x 107" kg/m3Pa , Ry =188.9 J/kg K, Ryo = 286.9 J/kg K , 200 = kapa ,
I, =-04, D, =0.00023 . (39)

As a part of comparison between the model and the experiments, we first calculated (model) and measured
(experiments) the radius change of the bubble R(7) = a(t)/ap, which is plotted versus nondimensional time
7 in Fig. S4. Measurements of the bubble radius change in the Hele-Shaw cell are made in three different
liquid conditions (DI water, a-PS and PS particle suspensions, where pH=6-7) and the average values are
plotted. There is no fitting parameter used for the model. Agreement between the model calculation and the
experimental measurements suggest that the one-dimensional model accurately predicts the rate of diffusion
of gases and ions. It also suggest that we are accurately predicting the position of the moving boundary,
where the particles are either accumulating or being removed. The particle distribution calculated with the
corresponding diffusiophoretic velocity is plotted in later section.

B. Diffusiophoresis of particles near a COy-permeable PDMS wall (HS-PC)

Now let’s consider the second system where COy dissolves into the liquid through a PDMS wall (Fig. S3(b)).
The inner cell (r = a = 3 mm) keeps CO2 at a constant pressure. In the experiments, the inner PDMS wall is
1-mm thick, but in the model calculations we assume that the wall has a negligible thickness. In other words,
if we set COg9 pressure at p1, COo concentration in liquid at r = a is ¢15 = k1p1, which is a constant. For this
system, we can write diffusion-reaction equations for CO5 and ions.
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Oc D, 0 Oc
i (al> = (kyei = kic)) (40)
8c,~ D (‘9 8CZ'

Then, we can do similar scaling analysis for this model as the previous section, and decouple the COs diffusion
and reaction. Let

r —
G= —~ =" F=_ }= 42
C1 Cls (&7 Cis y T a ) a 5 CL2/D1 ) ( )
then
861 8261 1 801 D k?f 2 _ 9
(40) 0 or2  ror 1 \ ks (v =ci) (43)
. . a? -1 Ky 2 Cis
where in this case 7p = —, 7; = (kycis)” and = —. Also,
_D1 rCls Cis
7 |0 — 82@ 1 9¢; _ )
)=~ |Z= D S = -2 44
(41) TD|:6T A<8r2+7'87' A= (44)
Therefore, for 7; < 7p and G5 <1 we can rewrite the equations (43) and (44) as
Cls
oey 10 [ _0¢ _ )
— =T d —c¢ =0. 45
or — Tor (T ar> e AT (45)
. e . . . . Olne;
The particle distribution n(r,t) in the region a < r < b can be written as below with u, = FPT’
r
on 109 Olng; D, 0 on
— +—— (T,—n ) =L (r=—) . 46
8t+r(9r (r P or n) r or <r87“> (46)
Nondimensionalizing the particle equations with
n _ D — r
n=—,D,="2 T,=-", 47
no p Dl p 1 ( )

we obtain

& =+c (48)
oa _ 0 105
or — orr T or
_ - Odlne¢ Fp81n51
’up = = —

Por 2 OF
on 10 [_(T,0lma\ | D, d ( on
or T ror [ (2 ar >”}—faf<raf> ' (51)

The nondimensional initial and boundary conditions are,

a(r,0) == (520)
a(l,7) =1 (52b)
oer -

(0 = (52¢)
a(r,0) = (52d)
%(E, ) =0 (52e)
on _ o _on _

5(1,7) =0 for ') >0 and — apnl—1 + Dp—77 . =0 for ') <0. (52f)



Again, the equations can be further rescaled so that the domain of analysis becomes 0 < 7 =

=3I

b
&G =+a
%_ 1 8251+ 1 oey
or  (b-12072  [(b-1)7F+1](b-1) OF
on 1 1 o |. - r 1 OJdln¢
— b—1)r+ 1] 2~ n
or " o—ir =107 [[( JE+ ]<2(b—1) o7 >”}
D, 1 0 [, - 1 on
= — — b—1Dr+1
(6—Dr+1 (1)o7 [[( >’"+](b_1)af]
The rescaled initial and boundary conditions are,
- /a Cloo
0 pu—
CI<T7 ) C1s
51(0,7'):1
ocy
i) =0
87/;( 7T)
n(r,0) =1
on - _ O0n [,0lné -
=0 for T d —D -2 n| =0 for T
o |,y 0 for I') >0 an paff:o+2 o ., 0 for T', <0
on
=0.
OF |;q
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—7=02 2 | — r=02
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Figure S5: Particle concentration plotted versus dimensionless position for different times. (a,b) For the CO5 bubble
system, 7(7,7) is plotted versus 7 for (a) positively charged particles (I', = 0.5) and (b) negatively charged particles
(T = —0.4).(a) Inset: R(7) plotted versus 7. (c,d) For the fixed boundary system, 7(#,7) is plotted versus 7 for (c)
f‘p = 0.5 and (d) f‘p = —0.4. Positively charged particles show increasing particle concentration toward the COs dissolving
interface, whereas the concentration of negatively charged particles decrease near the interface. For all four graphs, we
can obtain the nondimensional distance #(7 = 1) and #(7n = 1) where the nondimensional particle concentration is 1.
The comparison for this length scale between model and experiments are shown in Fig. 1 in the main text.
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88 The initial condition c;

In the experiments, particle suspension was made with deionized (DI) water (Milli-Q). As the DI water is
brought into atmospheric condition, CO9 in the ambient dissolves into the water. The maximum possible
concentration of COz in the particle suspension is ¢ = kppeo, = 1.3 X 105 M, where pco, is the partial
pressure of COy in air (=~ 40 Pa). This results in the ion concentration cjoo = 2.4 x 107 M and the pH
= 5.6. However, the measured pH values of the particle suspension is pH = 6-7, suggesting smaller initial ion
concentration than the maximum value. Therfore, we choose the initial condition for ¢; in all calculations to

be c100 = 0.2¢522%, which corresponds to the pH = 5.9.

loo

Equations (31-37) and (54-55) are solved and plotted in Fig. S5-S6. We solve the coupled partial differential
equations numerically with MATLAB. For the moving boundary case (equations (31-37)), we consider forward
difference scheme for the entire domain with a spatial step 67 = 1/100 and a time step 67 = 10~%. For the
fixed boundary case (equations (54-55)), we employ an upwinding scheme to avoid numerical instability. Thus,
we apply forward and backward difference scheme for positively and negatively charged particles, respectively,
with a spatial step 67 = 1/100 and a time step 67 = 1074,

In Fig. S5, time evolution of particle distribution is plotted versus radial position for both bubble and the
fixed boundary systems. In the bubble system (Fig. S5(a,b)), positively charged particles gradually accumulate
at the bubble interface as the radius decreases (Fig. S5(a)). Negatively charged particles, on the other hand,
are cleared away from the bubble interface and migrate toward the outer wall 7 = b. It is difficult to directly
compare the particle distribution between the model and experiments, as the model does not consider all the
experimental details. However, there is good qualitative agreement between the model and experiments in
terms of particle directionality. For both moving and fixed boundary systems, and for all charges, we note
from the graphs in Fig. S5 that the nondimensional positions 7(7 = 1) and 7(2 = 1) can be defined. These
macroscopic exclusion/accumulation boundaries are also observed in experiments, in the length scales larger
than the initial radius (r = ag) for bubble system and the inner wall radius » = a for the fixed boundary
system. Therefore, we choose to compare this value directly between the model and experiments, and it is
plotted versus time (7) in Fig. 1 of the main text.

a 2 - b —
—TI,=01 — T,=-01
— =02 2 | — T,=-02
/_\1 5 —1,=03 — T,=-03
— —T,=04| _ 15 |— T,=-04
@ 1 T,=05] — T, =05
SN—r -
Q= =
IS
05 05
T=1 ‘ T=1
0 0 -
0 1 2 4 0 1 2 4
T T
c > d

)

HS-PC

,0.2)

N

- o
TR e M ]
[ | I ||
=Nl =]
T W N =

,0.2)

N
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— T, =-02

0.5 0.5 — T,=-03
— T,=-04

7=0.2 T,=-05
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Figure S6: Effect of diffusiophoretic mobility on the particle distribution. (a,b) Particle distribution at 7 = 1 for
different mobilities are plotted versus 7. (a) Positively charged particles with larger mobility accumulate more near
the bubble interface, whereas (b) negatively charged particles are excluded more for larger mobilities near the bubble
interface. (c,d) Particle distribution at 7 = 0.2 for different mobilities are plotted versus 7 for the fixed boundary system.
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We also tested the effect of particle mobilities f‘p on the particle distribution and plotted in Fig. S6. In
both systems, positively charged particles with larger mobilities accumulated more near the COs dissolving
interface, and negatively charged particles with larger mobilities cleared more of the interfacial region. For the
negatively charged particle case in the fixed boundary system, both experiments and the model calculations
suggest existence of particle-free zone within r — a &~ 200 ym or 7+ ~ 0.03.

C. Macroscopic growth of accumulation and exclusion zone

In the experiments, we observe growing boundaries of a-PS accumulation and PS exclusion in the region
r > ag for HS-B (Fig. S7(a), video 2) and r > a for HS-PC (Fig. S7(b), video 3). Time evolution of detected
boundaries are compared with the model in Fig. 1 in the main text. The boundaries (shown with colored
arrows in Fig. S7) were detected by sharp change in local gray values.

a HS-B b HS-PC

Figure S7: Growth of macroscopic accumulation and exclusion zones. (a) Experimental images showing accumulation
and exclusion of particles in HS-B. There is growth of accumulation and exclusion boundaries in the region r > ag. (b)
Images of a-PS and PS experiments in HS-PC, showing growing of accumulation and exclusion boundaries in the region
r > a. Scale bars are 2 mm.

D. Effect of wall diffusioosmosis on the particle velocity: side view of the Hele-Shaw cell

In order to include more details for predicting the particle behavior in the Hele-Shaw cell, we construct a model
calculation that considers the side view of the system for HS-PC (Figure S8). We solve for the two-dimensional
axisymmetric equations that consider CO» diffusion, diffusiophoresis of particles, and liquid flows induced by
diffusioosmosis at the top and bottom walls.

First, we consider the equation of motion to understand the flow velocity in the Hele-Shaw cell. Let u, and
u, be the flow velocity in r and z directions. With the axisymmetry, the azimuthal component is not included

in the model calculation (ug = 0, % = 85‘92 =0).

PDMS z=h

ZA °

Figure S8: Schematic of the side view of a Hele-Shaw cell.
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165 Continuity equation with the incompressible assumption is

10(ru,) | Ou,
For Ta: (57)

For the characteristic velocity scale in the system defined as U, ~ D./a, Reynolds number Re = pU.a/pu =
pD1/p ~ 0.002 < 1. So we consider the Stokes equation to solve for the flow velocity in the system; Vp =

V2.
ap 10 [ ou\ u 0%,
9o _ 10 _ U 58
or M[r@r <T8r> r2+@z2] (58)
op 10 [ Ou, 9%u,
az—“L@r@ar>+ag]' (59)
166 The advection-diffusion equation for COy can be written as
361 801 061 10 601 6201
— tutu— =D |- (o a2 | 60
ot " ar tu 0z 1[r8r<r8r>+822 (60)
17 with the boundary conditions ¢ (r, z,0) = ¢100, c1(a, 2,t) = 14, %(b, z,t) =0 and %(r, 0,t) = %(r, h,t) =

168 0. The boundary condition ¢y, is the time dependent COs concentration that is applied through the PDMS
10 membrane. As discussed earlier, the ion concentration ¢; = \/k¢ci/k-. The diffusiophoretic velocity of particles
170 also has two components;

Olng; Jlnc;
Up = Fp7€rp + Fp 02 e, . (61)
171 The advection-diffusion equation for particles is
on 10 dlng; 0 Odlng; 10 on 9%n
—+ - P+ Lp—— — s+, —— =D, |- [r— — |, 2
8t+rar [r(u T or )n]+8z [(u T 0z >n] p[rar <T8r>+822] (62)

12 and the boundary conditions are, n(r, z,0) = ny, g:f (a,z,t) =0 for I'), > 0, I‘pag:fin — Dp% =0forI', <0
3 at r=a, %(b,z,t) =0, and g—:(r,o,t) = ‘g—g(r, h,t) = 0.
Now we nondimensionalize the equations for the convenience of numerical calculations. For this configura-
tion we choose h as the characteristic length scale (we present the comparison among experiments, model and
the experiments in the main text in dimensional form). Define the nondimensional variables as

= r _ oz _ t _ Up z Uy = Up . c1 c Ci
= — z = — T = —/—— Uy = ——— = — = — = — ;= —
h ) h ) h2/D1 ) T Dl/h y z Dl/h ) D Dl/h ) 1 Cls ’ 7 Cis )
_ n _ a 2 b _ P
n = — a = — = — =
no B ho PT uDi/R?
Then,
op 10 (_Ou, Uy O0%Uy
o= so (v )~ %)
op 10 [(_0u, 0%,
- — = ~= p— 64
0z rar<r8r>+8z2 (64)
174 'The nondimensional continuity equation is
o(ru,)  O(ruy)
= 0 65
o oz (65)
175 Equations for CO2 and ion concentrations are
oecy _ 0¢ 10 [_0¢ 8251 B _
N - C =/ 66
or "oz T For <T@f T G Ve (66)
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and & (7, 2,0) = %2 (@, 2,7) = C1a, 92(b,7,7) = 0, and %L(7,0,7) = %2(7,1,7) =

The particle eguatlon is
on 10 [_/_ f‘palnél B 0 _ f’pﬁlncl B _ (10 [_on 8271
— 4+ == == — = =Dy, |=== (7= 67
8T+T8T|:r<u+2 oF )”]+az[<“+2 oz )" = Far\or ) T o2 (67)
Boundary conditions are, n(7,z,0) = ‘gﬁ (a,z,7) =0 for ), > 0, _2—"815’;17’1 - DP% =0for [, <0at7=a,

(sz)—O anda (7"07)—22 (r,1,7) = 0.

The equations of motion can be converted to the vorticity equation by (63)x-% — (64)x 8 , since the
vorticity @ = %?ZT — %“Z With some algebra, we obtain
0’0 10w w 82*
—_— —= — = =0 68
o2 " For = o= (68)
We can define the stream function (7, Z) so to satlsfy the incompressibility assumption (65), and thus
_ 1 0v _ 1 81&
Up = —=—— d u . 69
Ur r 0z and. ux = r or (69)
Then the definition of vorticity @ can be written with ¢ as
1 /0% 0%
= —= e g . 70
“ T <622 * 8772) (70)

1) = constant at all walls and we set ¢» = 0. Also, on the top and bottom walls, there is diffusioosmotic slip

‘ _ Tw7dlne.
z=0,z=1 2 or

where T, is the diffusioosmosis constant for the wall that is equivalent to the diffusiophoretic mobility. We
chose I'y, = —0.3 (T'y, &~ —600 pum?/s) to represent the glass surface in contact with the aqueous phase. The
discrete boundary conditions for (70) — for numerical calculations — can be computed with a second-order
Taylor series expansion of the stream function.®

We further shift the coordinate as 7 = 7 — @ so that the origin is at a.

The equations for CO2 and ions are

oey _ Oe _ Oy B 1 0 ~  _. 0 8251 e
g v = g (P0G r G v =

generated by the ion concentration gradient. The corresponding boundary condition is, az

and ¢ (7, z,0) = p;ciz ¢1(0,2,7) = Cia, 6 1(¢,z,7) =0, and 801 L (r,0,7) = %—(r,l,T) = 0. Note that £ = b — a.

The particle equation is
on 1 9. _ (- Ty,0me\_ ] 0[/- Tpolma)_] - 1 9 (,. _on\ 0°n
a_ T = = a2 T . ~ a_ z . — =D ~ N ~ Ao |
BT+7+&OF[(T+G)<U+2 or >n]+8z[<u+2 0z )n] p[f+(‘1 F<(r+a)8f)+822

(72)
and the boundary conditions are 7i(7, Z 0_) =1, 22(0,2,7) = 0 for T), > 0, L aglrclﬁ Dp% =0for ) <0 at
r =0, (EZT)—O anda(r()T) %(?,1

The vortlclty equation is now

9w 1 0w @ 9w
o Tivaor Grag o= 0 (73)
and 821/; 821/;
~ 1
w__ﬁ+a<8?2+8z2> : (74)

We solve the equations (71-74) numerically with Matlab similar to the one-dimensional problems studied
above. We consider upwinding scheme for solving ¢; and 7 , and thus employ forward and backward differences
for positive and negative f‘p. For @ and 1) we employ central difference scheme to avoid numerical instabilities,
and the equation (74) is solved iteratively at each time step using the successive over-relaxation (SOR)® with
the relaxation factor 0.9.
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203 E.1. Concentration of COy at r = a

Figure S9: Schematic of a part of the Hele-Shaw cell.

204 In order to consider the time-dependent boundary condition for CO2, we consider the one-dimensional
205 radial diffusion of COy in the PDMS membrane. Let the inner radius of the inner PDMS wall a,, and the
206 constant COy pressure p; is applied at r = a,, (Figure S9).

207 Let f, DY (=2.4x107? m?/s) and k¥ (= 6.7 x 1077 mol/Pa-L) the concentration, diffusivity and Henry’s
208 law constant of COg in PDMS,% 10 respectively. Then for a, < r < a

of _ DY o (o )
o ror\ ar )’
200 and ¢ (r,0) = 0.2k} peo, and (ap,t) = k7p1.
210 Then on the liquid side,
acl D1 0 801
bt S it 76
ot r or (T or )’ (76)
211 and ¢1(r,0) = 0.2kppeo, and 801 ‘b =0. At r=a, —D{’aacrl ‘ =-D15 dey | and % = g—z
212 By nondimensionalizing the equatlons with
cp cl _ D? - r ~ a
&d=—" &= , D=2 7=— a=—, 77
Yk Tk LD ap ap 7

213 and solving the coupled equations numerically with Matlab, we obtain the time-dependent boundary condition
2 14 that is used in the 2D calculations (Figure S10).

a 2 . b 1
: — 571’
C1 0.8
—~
! 3
PDMS| Liquid | 06
1 ; ©
; ~ 04
i/ \sul
: 10
! 0.2
0 7= 0.2 0
0 1 2 3 4 5 0 0.1 0.2 0.3
T — ap (mm) T =tD1/a*

Figure S10: (a) CO5 concentration in PDMS and in the liquid at 7 = 0.2. (b) CO2 concentration in the liquid phase
at r = a plotted versus 7.

215 The radial particle velocity (—%a—w + Fp ol Cl) at z = h/2 (the velocity is further rescaled for comparison),
6 at the radial position between r — a =~ 200 600 pm is calculated and plotted versus time, and compared with
217 the one-dimensional calculation and the experimental measurements. Below we included contour plots for the
218 nondimensional stream function and particle concentration at two different times. Due to the diffusioosmotic
210 flow along the wall, there is fluid flow created in the Hele-Shaw cell, and the negatively charged particles are
o excluded by the largest radial distance at z = h/2 (due to the symmetry).
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Figure S11: Contour plots obtained at two different times (7 = 0.01 and 0.1) for (a) the nondimensional stream
function and (b) the nondimensional particle concentration.

E.2. Early time radial diffusiophoresis in the Hele-Shaw cell

In the main text, the radial particle velocities are compared among one- and two dimensional models, particle
tracking and PIV. With the constant pressure boundary condition in the one-dimensional model, the largest
concentration gradient is obtained at 7 = 0, and the particle velocity decreases over time. The two-dimensional
calculation considering time-evolving boundary condition (section I.E.1) shows increase then decrease in the
radial velocities, which is also observed from the particle tracking. The two-dimensional calculation predicts
higher particle speed than the measurements, and we interpret that this difference in the magnitude arises
from the three-dimensional complexity in the flow near the wall. The calculation is not highly resolved to
include all details of the corner flows that affect the particle motion and velocity measurements.

We are aware of possible variation of the diffusiophoretic mobility in the system!! as the ion concentration
and the Debye length change over time. Also, the zeta potential of polystyrene is expected to change under the
low pH conditions.!? However, the range of ion concentrations (and pH) we use in the experiments is small to
expect dramatic change in the diffusiophoretic mobility, and the constant mobility is a reasonable assumption
in our model calculations. Therefore, for the current study we conclude that the difference in the magnitude
of calculated and measured velocities is due to the three-dimensional complexity in the wall region at early
times. We are working to understand details of such flow structure and thus do not include in this study.
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II. Bacterial strains used in the current study

We present the strain information in Table S1.

Strains/plasmid Relevant Features Reference
E. coli
S17 A-pir Wild Type

V. cholerae

C6706str2 El Tor Wild Type 1
JYO019 lacZ :Piye-mKO:lacZ This study
JY238 AflaA lacZ:Pioe-mKO:lacZ This study

Plasmid

pKAS32 Suicide vector, Amp® Sm?® 2
pCNO005 pKAS32 lacZ:Piye-mKO:lacZ 13
pBHO050 pKAS32 AflaA 14

Table S1: E. coli and V. cholerae strains used in this study.

ITI. V. cholerae cells in the fixed boundary system (HS-PC)

We present fluorescent images of V. cholerae wild-type and AflaA cells in the HS-PC system. We observe that
at 7 = 1 which corresponds to ¢t &~ 75 minutes, number of bacterial cells significantly decreased in the vicinity
of COgq source (Fig. S12).

a V. cholerae wild-type b V. cholerae AflaA

PDMS wall PDMS wall

Figure S12: Fluorescent images of V. cholerae (a) wild-type, and (b) AflaA in the HS-PC system taken at different
times. Scale bar is 50 pm.

We also present the intensity measurements from the experiments with V. cholerae cells in HS-B and HS-
PC systems below. Decrease in the fluorescent intensity is clearly observed for both HS-B and HS-PC systems
in the presence of CO» dissolution. We note that the background fluorescent signal from the surrounding liquid
(mKO released by dead cells) has a small contribution to the intensity measurements. This suggests possible
diffusiophoresis of fluorescent proteins'® in the background liquid, since proteins carry a net surface charge
away from the isoelectric point (pI). This is discussed in the next section.
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Figure S13: Intensity measurements for the selected region of interest (100 pm x 100 pm ROI, located & 20 pm away
from the interface). (a) Normalized intensity plotted for different positions and times in HS-B. A significant decrease in
intensity is measured near the dissolving COs bubble at 7 = 1. Iy is the mean gray value of the ROI in the image at
7 =0. (b) Normalized intensity near the COgy source plotted versus 7 for HS-PC. Inset: a fluorescent image of the cells
(AflaA) in HS-PC. Scale bar is 50 pm.

IV. Suspension of bacterial cells in 10 % M9 minimal salt solution

As described in the Methods section, we suspend bacterial cells in 10 % M9 solution. The hypotonic environ-
ment excludes the unknown effects of background ions'® and the no nutrient condition suppresses biological
process of the cell. One can ask cell lysis and survival rate during the experiments. Our experimental time
was less than 1 hr for V. cholerae, =~ 30 min. for S. aureus, and maximum 12 hr for P. aeruginosa. Motile
bacterial cells were found swimming both before and after the experiments.

After experiments, we collected the sample from the Hele-Shaw cell, and suspended = 0.1 mL of the
collected liquid in LB. Then the bacterial cells were regrown in LB for 24 hr (with shaking at 37 °C)and ODggg
values were measured (Table S2). S. aureus was regrown for 16 hr.

V. cholerae that was used for 1 hr in HS-PC and collected at t = 1 hr, and P. aeruginosa that was used
for 1 hr COg2 exposure in HS-PC and collected at ¢ = 12 hr, were regrown in LB for 24 hours with shaking
at 37 °C. Then following the main protocol (Methods), the centrifuged pellet was resuspended in M9 for 2
hr (at 37 °C with shaking) and then in 10 % M9 for another set of diffusiophoresis experiments in HS-PC.
The regrown cells showed diffusiophoretic motion under CO5 gradient, and we conclude that our experimental
conditions using dilute medium does not damage or change the relevant cell properties (surface charge, length
scales, etc.) significantly.

Next, we discuss the influence of lysed cells in our experiments with fluorescence microscopy. In our V.
cholerae experiments, most of the fluorescent signal comes from mKO. We note that by using 10 % M9 solution

Strain Experiment condition ODggo after 24 hr growth in LB
V. cholerae 20 min. exposure to CO5 in HS-PC 1.94
V. cholerae 1 hr exposure to CO4 in HS-PC 1.92
P. aeruginosa 20 min. exposure to COq 1.98
P. aeruginosa 1 hr exposure to CO2 in HS-PC 1.93
P. aeruginosa | 1 hr exposure to COs in HS-PC, collected at ¢t = 12 hr 1.94
P. aeruginosa no COy exposure, collected at ¢ = 12 hr 1.94

S. aureus 20 min. exposure to CO5 in HS-PC ODggo after 16 hr growth ~ 2.2

Table S2: Growth test of collected samples after different COo-driven diffusiophoresis experiments.

18



267

268

269

270

271

272

273

274

275

276

277

279

1.05

Background fluorescent signal

—_
]

=0~ V. C. AflaA
4 V.C.WT

Normalized intensity (/1)

0.95
0 10 20 30

Time (min.)

Figure S14: Fixed boundary experiments (HS-PC) for the background (filtered) solution. Normalized intensity near
the CO3 source is plotted versus time for filtered bacterial suspensions. The background fluorescent signal is expected to
come from released mKO protein from lysed cells, and change in the intensity demonstrate combined behavior of mKO
dispersion and diffusiophoresis. Inset: a fluorescent image of filtered solution near the CO5 source (HS-PC). Scale bar is
100 pm.

(pH ~ 6.5), some cells lyse and release cell materials into the liquid, and mKO is also expected to be released
into the liquid phase where it emits fluorescent signals. One hour after making the bacterial suspension, we
filtered the solution first through 200 nm, then a 20 nm filter. The filtered solution is collected for additional
fixed boundary experiments (HS-PC), and we observe a slight increase in the intensity (Fig. S14) near the
COg source. mKO is O(1-10) nm in size, and has a surface charge that depends on pH, since proteins carry a
net positive charge below the isoelectric point (pI). To the best of our knowledge, there is no literature that
measured or calculated the pI of mKO, which open source pl calculators'™ ¥ suggest range between pl =
6.3-7.1. Therefore, our measurements in Fig. S14 must be combined dispersion and diffusiophoresis of mKO
molecules in the liquid. We investigate the diffusiophoresis of mKO in.'®

In order to examine cell lysis and denaturation of the fluorescent protein mKO, we kept the bacterial
suspension for 24 hours then obtained fluorescent images under identical imaging condition (Fig. S15). We
observe that the wild-type V. cholerae cells die over time and release fluorescent material into the surrounding
liquid. The background fluorescence signal shows that mKO does not denature in the surrounding liquid.

d s
> ; ?
‘B
g 1] =@
=
?
N 0.5
©
£
2 0
a b c

Figure S15: Bacterial suspension of wild-type V. cholerae cells in 10 % M9 solution. (a) 1 hour after making the
experimental solution (ODggp = 0.23). (b) 24 hour after making the solution. The sample was kept under 7' = 23 °C.
(c) 24 hour after making the solution. The sample was kept under T' = 37 °C. (d) Normalized intensities for (a-c). Scale
bars are 100 pm. The gray values are normalized by that of (a).
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V. Long time behavior of a-PS and PS particles in the bubble system

To visualize the long term dynamics of a-PS and PS particles after the concentration gradient of COq is
removed, we performed particle experiments with a COy bubble in the Hele-Shaw cell (Fig. S16). We observe
that the particle distribution at ¢ ~ 1 hr is maintained at ¢ ~ 16 hr, due to small particle diffusivity D,,.

a t<5 min t=1hr t=16 hr

PS

Figure S16: Distribution of a-PS and PS particles near COy bubbles in the Hele-Shaw cell. Diffusiophoretic accu-
mulation and exclusion of particles near the bubble interface are maintained for ¢ > 16 hours due to small particle
diffusivity.

VI. Long time (¢ = 12 hr) distribution of P. aeruginosa cells in the fixed
boundary system

We present fluorescent images obtained at ¢ = 12 hr for the fixed boundary experiments of P. aeruginosa with
and without COg source. As predicted and visualized in the main text (Fig. 4), after 1 hr of diffusiophoresis
experiments, cells are removed from the inner PDMS wall (Fig. S17(a-i,c-1)). Without COy cells are concen-
trated near both inner and outer PDMS walls for air source (Fig. S17(a-ii,c-ii)). These cell distributions are
maintained at ¢ = 12 hr.

CO, for 1 hr

Region A

Region B

No
CO, source

Figure S17: Long time behavior of P. aeruginosa after diffusiophoresis. (a) Images of the Hele-Shaw cells at ¢ = 12 hr
(a-1) after 1 hr COy-driven diffusiophoresis and (a-ii) without COs. (b) Schematic showing fluorescent imaging positions.
(c¢) Fluorescent images obtained (at ¢ = 12 hr) with an identical imaging condition for two systems. Cell density is
visualized by different fluorescent intensities at different regions of the Hele-Shaw cell. Scale bar is 20 pm.
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VII. Diffusiophoresis of motile cells

As mentioned in the main text, diffusiophoresis of motile cells is different from that of polystyrene particles
or immotile cells. In our experiments, wild-type V. cholerae and P. aeruginosa are motile cells with single
flagellum.?02? At different conditions, swimming speed of V. cholerae and P. aeruginosa are measured in the
Hele-Shaw cell. We selected meandering trajectories with tracked duration longer than 1 s (Table S3). In 10 %
M9 solutions, V. cholerae cells are slowed down compared to the reported speed (75.4 + 9.4 um/s),%° due to
low Na™ concentration and room temperature condition (23 °C).%2* Without COg, the effective diffusivities
of swimming cells can be estimated as Deg ~ v?t, (=~ 300 um?/s for V. cholerae and =~ 500-1000 pm? /s for P.
aeruginosa calculated with the transit time ~ 0.56 s.2> These values are either comparable to the estimated
diffusiophoretic mobility of the cells or larger, and thus simple comparison between I', and Deg does not inform
diffusiophoresis. In video 5, we present two movies obtained under fluorescent (10 s interval) and bright field
(105 ms interval) conditions. It is observed that the flow of cells is a slow-advection with estimated Péclet
number Pe = %;?1 ~ 1073-1072, which means that the cells swim with their characteristic velocity, with a
slow drift due to diffusiophoresis.

Strain Tracking condition Speed
V. cholerae No CO, 25.6 £ 8.9 ym/s
P. aeruginosa No COq 50.37 £ 17.14 pm/s
P. aeruginosa t = 20 min. 51.78 + 11.85 um/s
P. aeruginosa t =1 hr (COz on for 1 hr) 34.87 + 9.12 pm/s
P. aeruginosa | t =12 hr (COz on for first 1 hr) | 31.06 £ 9.43 pm/s

Table S3: Swimming speed measurements for V. cholerae and P. aeruginosa.

We note that the typical swimming speed of P. aeruginosa decrease after 1 hr of COy dissolution, and it
may be due to the pH change affecting flagellar motor.?® Detailed investigation of swimming patterns of V.
cholerae and P. aeruginosa is not included in the current study.
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