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Slow Relaxation Mode in Mixtures of Water and Organic Molecules: Supramolecular
Structures or Nanobubbles?
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Aqueous solutions of tetrahydrofuran, ethanol, urea, @uyclodextrin were studied by a combination of

static and dynamic laser light scattering (LLS). In textbooks, these small organic molecules are soluble in
water so that there should be no observable large structures or density fluctuation in either static or dynamic
LLS. However, a slow mode has been consistently observed in these aqueous solutions in dynamic LLS.
Such a slow mode was previously attributed to some large complexes or supramolecular structures formed
between water and these small organic molecules. Our current study reveals that it is actually due to the
existence of small bubbles-(00 nm in diameter) formed inside these solutions. Our direct evidence comes
from the fact that it can be removed by repeated filtration and regenerated by air injection. Our results also
indicate that the formation of such nanobubbles in small organic molecule aqueous solutions is a universal
phenomenon. Such formed nanobubbles are rather stable. The measurement of isothermal compressibility
confirms the existence of a low density microphase, presumably nanobubbles, in these aqueous solutions.
Using a proposed structural model, that is, each bubble is stabilized by small organic molecules adsorbed at
the gas/water interface, we haver the first time estimated the pressure inside these nanobubbles.

Introduction The aqueous solutions such as tetrahydrofuran (THF)/water,
L L ) . ., urea/water, ethanol/water, and sugar/water have been extensively

_ Itis fair to say that liquid water is the most complicated fluid investigated befor& -6 In dynamic laser light scattering (LLS)

in nature even it has a very simple chemical structure. Many o rements of THF aqueous solution, we encountered a “slow

physical anql chemical properties of_hqwd water are abnormal | Jqan (corresponding to a length scale~af00 nm)~10 years

and perplexing.® Numerous theoreticdl,® experimental, 1° ago without any reasonable and rational explanation. In this

. i 1e U
and computer simulatidt1® efforts _have been devoted to study, we found that such a slow mode exists in many other
construct water structures and explain these abnormal phenom-aqueous solutions, such as urea/water, ethanoliwater, sugar/

ena. Nowadays, liquid water structures grasped by a *two-state, ater and surfactant/water. These similar experimental phe-
model” are not surprising anymote: Nam”elyj,éllqwd water  nomena strongly imply that the slow mode is universal in
exists in an op?n state and a o,llenser_ st essentlall_y_ aqueous solutions of small organic molecules. Other research
determined by a nonlocal_ potentl_al , rooting in a competition groups also noted such a phenomefdH and attributed it to
between Van der Waals interaction and hydrogen bzon’d’ing. hydrophobic association of solute molecules and water, namely,
These two states of liquid water were well revieviec loosely structured supramolecules or complexes assembled by
_ Note that aqueous solutions are more important than pureé smajl organic solutes and many water molecules. At first, we
liquid water because they are more closely related to various gjso tried to explain the slow mode in a similar fashion.
applicat_ionas,zsparticularly in _biolgggical systems. Hydrophobic  y5\yever, more and more of our own experimental data and
interactiort® 2 and associatichi 2° are two core problems in - yyher jiterature reports have gradually led us to question such
aqueous solutions. They play a central role in self-assembly or o, expjanation. The reasons are as follows. First, the slow mode
organization of solute molecules in aqueous solutions, such asy 54 only been observed in dynamic LLS experiments but not
the protein folding and the formation of surfactant micelles, by other experimental methods even if they have a similar

i 5—38 . . .
membranes, and various mesophdSe¥.Pratt et af>**made  megoscopic observation length scale. Second, recent theories
some grzakthrough in this direction by using an information 4nq computer simulations have not predicted such a long-range
theory;®**which enables us to understand hydrophobic interac- o rejation or large supramolecular structure. Third, we found
tion on a molecular scale. However, many unsolved problems it i related dynamic correlation length is independent of the
and challenges still exist in this active research area, such asygncentration of small organic solutes. Fourth, it cannot be

hydrophobic i'rltegzici’éion on mesoscopic Iepgttlfscﬁ{éémulti- removed by a simple filtration, indicating that these so-called
body interactiorf?“° wetting and dewettind?™*¢ and long-  gypramolecules would have an open structure even if they did
range hydrophobic interactidt®.>° exist.

On the other hand, we noted that “long-rangelQ0 nm)

* To whom correspondence should be addressed. The Hong Kong addres%ydrophobic interaction” was observed between two macro-
should be used for all correspondence. . . . .
*The Chinese University 0& Hong Kong. scopic hydrophobic surfacé%;5” which could not be satisfac-
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principle, hydrophobic attraction cannot extend to such a length (z,q) = 0(0,9) I(z,q)Zd(g)®) and the time-average intensity
scale between two macroscopic hydrophobic surfaces. Tyrell ((q)D). The measured relative errors gif)(z,q) and (g)din

and Attard®found that some small bubbles could spontaneously this study were controlled to be less than 0.5 and 1%,
form at a macroscopic hydrophobic surface, which shed light respectively. The scattering cell was thermostated at 2%.00

on such long-range hydrophobic interaction and led to some
reasonable explanatidh’2 Previously, Bilgram et al® also
observed a new slow relaxation mode in dynamic light scattering

0.05°C.
In static LLS, the scattering intensifji(g)Uis related to the
Fourier transform of a density fluctuation correlation function

measurements of water near the ice/water interface during([Ap(r1) Ap(r)0) as?

directional solidification. Several different explanations for this
mode were proposed, but eventually, Williams et*ahowed
that it is due to small bubbles of gas originally dissolved in the
water that is rejected during solidification.

It was these works that inspired us to look at the observed
slow mode in dynamic LLS from a different angle, that is,

@D f fdry dr, Dp(ry) Ap(r )& T (2)

Generally speaking, the density correlation functidx(r1) Ap-
(r2)0 is a function of the distance & |r1 — ra|) betweenr;
andr, in a homogeneous system with an Ornstefernike

whether the mesoscopic or microscopic hydrophobic surface formg3

can also lead to the formation of nanobubbles. It should be noted
that, in general, nanobubbles are less understood and some of
their related problems are complicated, such as how they affect

the inhomogeneity of a fluid in the mesoscopic scalapw
they are stabilize® what mesoscopic hydrophobic interaction
is,’” and how high the pressure is inside th&m.

Experimental Section

Materials and Solution Preparation. a-Cyclodextrin -
CD, >99.9%), ureaX99%), tetrahydrofuran (THF; 99.8%),
and ethanol ¥99.9%) were, respectively, purchased from
Aldrich, Scharlau, LAB-SCAN, and Merck KGaA. THF and
urea were, respectively, purified by distillation and recrystal-
lization.”® o-CD and ethanol were used without further purifica-
tion. Water was purified with an inverse osmosis filtration (Nano
Pure, Barnstead) and filtrated with a Millipore PTFE 048
hydrophilic filter. Its resistivity was 18.2 K2-cm at 20°C. The
stirring-mixed aqueous solutions were prepared-2f °C and
stood for~12 h to ensure a complete dissolution. For laser light
scattering (LLS) experiments, dust particles were removed from
these aqueous solutions by one-time filtration using a normal
syringe and a Millipore 0.4a@m PTFE hydrophilic filter. Each
solution was also repeatedly filtrated by using a tubing flex
pump (Master Flex) and different filters, including Millipore
0.45um PTFE and Nylon hydrophilic filters and a Whatman
0.02um inorganic filter. In the repeated filtration, each solution
was circulated to pass through the filter and the LLS cuvette in
a closed loop.

Laser Light Scattering. A commercial LLS instrument
(ALV5000) with a vertically polarized 22 mW HeNe laser

[Ap(0) Ap(r)(T] % exp(— gl) 3)

S

where(ls is the static correlation length. A combination of eqs
2 and 3 results in

LS

()0 ——=—
1+ QZCSZ

(4)

Therefore, the plot of Ti(g)0versusg? can lead togs. Note
that the resolution of static LLS is experimentally limited by
the maximum scattering angle. In other wordg) Cbecomes
independent of when (s is shorter than~10 nm. Equation 2
shows that the scattering intensity at zero angle is proportional
to the total density fluctuatioriA p?ly) in the scattering volume

(V) ag*

MO)X [ fdr, dr, Do(ry) Ap(r,)C= A’y (5)

For a two-component grand canonical ensemble (general
solution system),[Ap?[y is the summation of the solvent
molecule density fluctuationApPl}) and the concentration
fluctuation of solute moleculesXc?ly) in the scattering volume,
that is83

[Ap°T) = Apl + [ACT] (6)
Further,[ApLly and [AC?L are, respectively, proportional to
the isothermal compressibility{ = —1/N/(3aV/9P)n1) and the

head (632.8 nm, Uniphase) was used. The angular range wagsmotic compressibility I{)8485 as Aplly ~ ksTpkr/V and

6—155. In LLS, the essential measurement length scale is the
reciprocal of the scattering vecton)(®° that is, 16, with

dan . 6O
——sin=

L sing (1)

a=1ql=

wheren is the refractive index of the scattering mediutpjs
the wavelength of the incident beam in vacuum, @nid the
scattering angle. For a givefy, the scattering intensity was

measured by a photon-counting system composed of a highff

guantum efficiency avalanche photodiode detector (ALV High
Q.E. APD) and a single-photon-counting module. The scattering
intensity was converted to a photon correlation functiGf)

(z,9) = (0,q) n(z,q)0) with the delay time<x) in a broad range
(107—10° s), which was measured by an ALV multiple-tau
digital time correlator. In Poisson statist®sG@)(z,q) and the
average photon counts per tim&(Q)0) are directly related to
the normalized intensityintensity time correlation functiorg®-

[AC? ~ kgTC(C/aIT)y1/V. Therefore, we have

KsT|

I(0)10 </ (1)

aC
kT + C(ﬁ)v,

T

where kg is the Boltzemann constant afdis the absolute

temperature. On the basis of ecg®)(z,q) can be further written

ash

S fdry dr,drgdr, o(r;,0) Ap(r»,0) Ap(r 1)
Ap(r4,.5)@—iQ'(rl—rz)—iCI'(fru) (8)

Since (q) 0= [E(q) EX(g)L] the normalized fiele-field time

correlation function §®)(z,q) = [E(0,q) E*(z,q)Z0(q)J can be
written ag®

o°z.a) O f [y dr, Dhp(r,0) Ap(rz)@ 7 (9)
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Using the Wick theorem, we can fact@p(r1,0) Ap(r2,0) Ap- 0.8
(|'3,'L') Ap(r4,‘c)Da§7 A ozéi
0.6 T, .

o

[Ap(r1,0) Ap(r,0) Ap(rst) Ap(r,,7) =

g%(1)-1

A p(r 1,0) Ap(r 5 O)IAP(r 57) Ap(r 47) oa N
[Ap(r1,0) Ap(r 3,7)TAp(r ,0) Ap(r,,7) H o2l
m&p(r 110) Ap(r4,r)Mp(r2,0) Ap(l’3,r)[| (10) e k-
0.0 . N
Generally, the second term only contributes to the scattering 10° 10" 10" 10" 10" 107
intensity at zero angle so that it is usually omitted. As a result, T/ ms
eq 8 can be rewritten &s Figure 1. Normalized intensity-intensity time correlation functions
[9@)(z,q) — 1] of ana-CD aqueous solution before and after 120-times
(2) =14+ g® 2 i ; filtration. The inset shows the filtration dependence of average excess
97 =1+197(r.0) (the Siegert relatlo?{]_) scattering intensity related to the slow modid)siowl).

[(Ap(r1,0) Ap(ra,r)0can be expanded as a series of Gaussian O Without Filtration
functions, written in an integration form as follows: L & Repeated Filtration (Nylon 0.45-um)

—
o

(r1—r2)?
[Ap(r,0) Ap(r,,7)= [dD(47D7) *?G(D)e” ~aor w2

optical activity
[=]
o]

<
'S
T

whereD is the variance of the Gaussian function a&(D) is

the expanded coefficient of the series in a discrete form or a 0.0 — . .
SR - . - 0.0 3.0 6.0 9.0

distribution ofD, characterizing dynamic properties of a system. C  /10%e/mL

D can be related to the translational diffusion coefficient if the a-CD g/m

density fluctuation is completely induced by the random Figure 2. Concentration dependence of optical rotationoeCD

Brownian motion. A combination of eqs 9 and 12 lead® to solutions after different treatmentsO) without filtration; (») after
120-times repeated filtration (0.4Bn Nylon filter).

W(z,6)| O [dD G(D)e P 13
g™ @A)l f ©) (13) corresponding propagation timatj so thatu could be precisely
G(D) can be obtained from the Laplace inversion of a measured determined from the slope dfs versusAt with an error less
g®@(z,q) value by using a CONTIN program. With the Stokes ~ than 1 m/s. For pure water at 26, our measured sound velocity
Einstein equation, it is convenient to introduce a dynamic iS 1500 M/s, very close to literature values. With a measured
correlation length {p) defined a% sound velocity, the adiabatic compressibilikg) of a solution
can be obtained using the Laplace equatin:
fy =2 (14)
D™ 1
3D K== (16)
pu

wherey; is the solvent viscosity. In comparison witl, dynamic

LLS leads to a much broader range &f (10-1—10° nm). In

this study, both fast and slow relaxation modes were observed
so that we can writgY(r,q) as®

wherep is the solution density. Therefore, we can estimate the
adiabatic compressibility difference by measurinigefore and
after the repeated filtration. Further, the isothermal compress-

T (1 = Ar Drast o’z + —[ID. G°T |b|l|t KT) Cal I alCUIated on he baSiS 0}
|g( )( ’ )I asl(q)e fas [| Af (q)]e slow: 2( ) y ( ) n aiso he C t f
(08 I

where Aas(0) is the scattering intensity contribution of the fast kr = Ks= C_p =0 7
mode. The time-average scattering intensity of each mode can P
be calculated fronfll(gq)Cmeasured in static LLS, that iSkasr . . . .
(@0= () Aras(@) and Teon(@0= T(@Q)TL — Aas(q)]. The wherea is the expansion factor an@, is the heat capacit}?
plot of 1/k.s(q)Oversusg? or 1/Msow(0)versuse? leads to a
static correlation lengthis: or Csion) Of €ach relaxation mode
on the basis of eq 4. Figure 1 shows that the measured normalized intensity
Optical Rotation. Optical activity () defined as ¢]IC was intensity time correlation functions of the-CD aqueous
measured by using a commercial polarimeter (Perkir EImer 341), solutions contain two relaxation modes. It also clearly shows
where p] is the specific optical rotation of the soluteis the that the slow mode can be completely removed after 120-times
optical path length, an@ is the solution concentratidh.a-CD filtration by the pump in a closed circular system described
has a distinctive optical activity. Therefore, we can use the before. The inset shows how the average scattering intensity
optical rotation to precisely determine the absolute content of (sewl) related to the slow mode deceases as the filtration
o-CD in the solution before and after the filtration with a proceeds. To answer whether the repeated filtration alternates
limiting resolution of~4 x 1075 g/mL. the a-CD concentration, we measured the absolute content of
Sound Velocity. The sound velocity ) of each aqueous  «-CD in the solution before and after different numbers of
solution was measured by using a commercial instrument (USK filtrations from the optical activity ) of o-CD, as shown in
7D Germany). The sound frequency used was 10 MHz. By Figure 2. As expected, the filtration has no effect ondh€D
varying the propagation distancé\g), we measured each concentration becauseCD is a small molecule. The further

Results and Discussion
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,5‘: 021 After repeated filtration
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After air purge
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2
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Figure 3. Normalized intensity-intensity time correlation functions
[0®¥)(z,q) — 1] of different aqueous solutionsOf ethanol Cethanoi=
1.81 x 1071 g/mL); (a) THF (Crue = 6.09 x 1072 g/mL); (V) urea Figure 5. Schematic of nanobubbles in an aqueous solution. Small
(Curea= 6.00 x 1072 g/mL); ([O) a-CD (Cy—cp = 2.60 x 1072 g/mL). two-color spheres represent small amphiphilic organic molecules.
Scattering angle) = 20°.

its removal. In other words, the solutions were very stable. There

0.14F was no change in both the total scattering intensiifg)() and
0.07 the intensity-intensity time correlation function even 3 days
| after the repeated filtration. This has not ruled out possible
0.00 complexation between water and small organic molecules, since
o there might be an equilibrium between the complex and unimers.
g 0.08 After repeated filtration The next experiment was crucially important. Namely, we found

that gently injecting dust-free air into each slow-mode-free
" solution can bring the slow relaxation mode back, as shown in
& both Figures 3c and 4c. Note that the peaks related to these
as reappearing slow modes are generally larger and broader than
those in Figure 4a. This is because we injected air inside.
0 A comparison off({p) in Figure 4 clearly reveals that the
¢, /nm slow mode can be removed and regenerated, respectively, by
) ) o ) ) the repeated filtration and air injection. It indicates that the slow
Figure 4. Normalized distributions of dynamic correlation lengBX 1,44 s related to small bubbles, presumably stabilized by small
calculated from the Laplace inversion of each correspongiir,q) . . .
— 1 in Figure 3, where the symbols are identical to those in Figure 3. organic molecules sc_nluble in water. Note that the format'on of
these small bubbles is not affected by how these solutions were
guestions about the slow mode are its nature and whether it isprepared. Strictly speaking, there is no surprise because these

0.4} After air purge

a universal phenomenon. small water-soluble organic molecules are amphiphilic in nature.
Figure 3a shows the time correlation functions of different They can be adsorbed at the gas/water interface of each
aqueous solutions. Note that itsaxis is scaled bykgTc#/37n nanobubble. It is worth noting that the dissolution of a trace

so that Figures 3 and 4 can be directly compared. The measure@mount of gas in water and the formation of these nanobubbles
time correlation functions of different aqueous solutions are in an aqueous solution are completely different in nature.
similar with one fast and one slow relaxation mode. Figure 4a Namely, nanobubbles can be viewed as many low density
shows corresponding distributions of the dynamic correlation microphase domains in the solution, as schematically shown in
length €p), which is normalized by the average excess scattering Figure 5. Assuming that their average densitypiswe can
intensity (Al(9)0= 0(q) dotution — D(0f) ate) OF €ach solution. rewrite the first term of eq 7 as follows

In other words, the area) under each peak is directly related

to the scattering intensity from each relaxation mode. The fast ks Torr = kg T[fo, + (1 — )p, Il T, + (1 — Diry]

mode has a dynamic correlation lengls ) of 0.6—1.6 nm, ' T (18)
attributed to a single or maybe a few associated solute molecules ) )
in water becaus&p, s iS Similar to the size of solute where the subscripts | and Il denote nanobubbles and their

molecule€$263 Such a fast relaxation mode was also observed Surrounding agueous solution, respectively, isdhe volume

by other experimental metho@s% It has been predicted and fraction of low density nanobubbles. The second-order term of
confirmed by computer simulatio&%7 On the other hand, ~ €d 18 can be omitted wheih< 1. In addition, note that in
Cosow iS in the range 100160 nm. There has been no gengralm < py andkr, > k1,1 Therefore, eq 18 can be further
conclusive explanation for the slow mode. One speculation was "€Written as

the complexation of a number of water molecules with some .

small organic molecules, that is, the formation of some kinds pkgTir = kg Ty (e + Tier) (19)

of supramolecular structures. -

Figure 3b shows that the slow mode in all solutions studied | N€ Second term of eq 7 can be further split into two parts as
can be removed by the repeated filtration. Note that the repeated©!lOWS
filtration has no significant effect on the fast mode, as shown
in both Figures 3b and 4b. It should be stated that the slow
mode did not reappear in these solutions for a long time after

aC 1

C(m)w = R (M + Gl (20)
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1 L N -2 -1 0 1 2
9% 5 7o 10710t 100010
6 q +kC/10° (k,T/3m) q't/ nm

Figure 6. Scattering vector ¢f) dependence of average excess Figure 7. Concentration and scattering angular dependence of normal-
scattering intensity related to the fast modéd)sasf) and the slow mode ized intensity-intensity time correlation functiong®(z,q) — 1] of
(@(q)siowl) from different o-CD solutions, whereC is the a-CD o-CD solutions, whereC; = 2.31 x 1073 g/mL, C; = 3.35 x 1073
concentration. g/mL, C; = 5.50 x 1072 g/mL, C; = 7.90 x 1072 g/mL, andCs =

9.99 x 1073 g/mL; the scattering angléd) ranges from 20 to 70
whereN, is Avogadro’s numberC; andC; are the concentra-

tions of small organic molecules free in water and at the gas/ _ 6of D/ 9/ /Z A
water interface, respectively, wit = C; + Ci, M is the 'é’ o2
molecular weight of small organic molecules, amgdis the ~ o / / /:
average number of small solute molecules at the gas/water /\g 4or 9/. a/ f }
interface of each nanobubbl@.is related tdn,[land the average v
radius R,) of nanobubbles as follows = 0l
4f[m, M (21) : i )
i T o a3 15 3.0 45
3Ry N, q +kc/10"
A combination of egs 7 and &1 leads to the excess scattering Figure 8. Scattering vectorcf) and polymer concentration dependence
intensity (Al(0)) at zero angle as of the average characteristic decay time of the fast matia(q)D)
calculated from two different fittings of measured®|(z,q) — 1]
[AI(0)= [0,(0)H [L(0)H m,(0)O (CONTIN and double exponential).
iy
4K,f(h,(AM? 0 °
= K;ksToyfier, + KM + ———— E o A,
| RN 1 AR
F| AT
where the subscripts b, f, and i denote nanobubbles, small solute < oot / L [F &
molecules free in water, and small solute molecules at the gas/ - °
liquid interface, respectivelyp; is the density of the solvent
(water), andK; and K> can be experimentally eliminated. On G 30 25
the other hand, we also have qz +kC/ 10"
[AI(0)= [ﬂfast(O)[H- g0 MO)D (23) Figure 9. Scattering vectorcf) and polymer concentration dependence

of the average characteristic decay time of the slow matig.(q)0)
calculated from two different fittings of measured®|(zr,q) — 1]

where(O)astJand d(0)siowJcan be calculated from a combina- (CONTIN and double exponential)

tion of static and dynamic LLS results. A comparison of eqs
22 and 23 results in
In dynamic LLS, Figure 7 shows the concentration and
ras(O)= KCM (24) angular dependence of the measured time correlation functions.
Both the fast and slow modes are clear, and they have two

and distinct length scales. In order to minimize the fitting error, we
4K2f|IthﬁM2 used both the CONTIN Laplace inversion and double expo-
g0, (0)0= K kg Ty fier | + 3 (25) nential methods to analyze each measured time correlation
Na function. Both of them can lead to the average characteristic

decay times [@tas{0) Jand [Fsiow(Q) ), respectively, for the fast

Figure 6 shows the scattering-angle dependence of bothand slow modes. Figures 8 and 9, respectively, show the

I(Q)sastJand d(Q)siowl] As expectedl(Q)tasilis independent of

the scattering angle because of its short correlation lengtio ( dyn:mlc melhmthplm of 1Diirfa;_[(q)D agd lﬁr|s|ow((;1)D WthCh
nm). Therefore, it is impossible to determine the static correla- condense bo € concentration and anguiar dependence on a

tion length related to the fast relaxation mode in static LLS single grid. Note that different fitting method§ resyltin asimilar
because > [Ip st On the other hand, each plot ofl{é)siow] result. The plqt _of _M_Dve_rsusqz is a straight line passing
versusq? leads to a static correlation lengti€son) related through the origin, indicating that both the fast and the slow
to the slow mode. Note thdtsonJcharacterizes the density ~ relaxation are diffusive. The slopes, respectively, lead to the
correlation, a direct measurement of the average dimension oftranslational diffusion coefficientsas{and Dgiowl] Figures 8
nanobubbles in these solutions. It is clear that the solutions areand 9 also reveal that bofs.s{Jand DgowJare independent
inhomogenous at this length scale. of thea-CD concentration. Using the StokeRBinstein equation,
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300 where,is the scattering intensity from pure water afds
200l < g /O the solution concentration. Note that we have droppé,1/
g s becausem,[(> 1. Each term on the left side of eq 27 aRg
100 o Mode <, .>/nm can be measured. Therefore, we estimdiagld ~ 1.7 x 10*
E 0 for the a-CD aqueous solutiond = 7.90 x 1073 g/mL). In
N 5ok Fasthode 3 these experimentally determindek /it andfmbﬁ, we ;till
VA %.fas|>/ “i have three unknown parametefisc«;, andm,[). It is impossible
Lok A~ to find each of them without other additional information, but
this did not prevent us from estimating their ranges. First, we

0.0 : : : estimated the maximum value @f,(to be~5 x 10* from the
’ average surface area per nanobubble and the size af-@i2
molecule by assuming only one layer of closely packe@D
Figure 10. Concentration dependence of average static and dynamic molecules at the gas/water interface. Using such an estimated
correlation Iengt_hs[@D,fasD and (s siow) @ siowl) in o-CD solutions. maximumm,[) we havef > 7.7 x 1076 andr /ity < 1.2 x
Note thatlZs es[is too short to be observed by LLS. 10P. We can further estimate the internal pressupg to be
higher than 2 atm from /kt ) by assuminger, = 1/P (ideal

12.0F o Purgeai
o Rlel:)geeafelg Filtration P4 gas) . . .
ool o e A On the other hand, the maximum averaged internal pressure
E .OF v Repeated Filtration P . . . .
£ (Pmay inside each nanobubble can be estimated by using the
= 60} v Laplace-Young equation:
<
| 2
30 AP=2 (28)
R
0.0 . . . .
0.0 2.0 4.0 6.0 8.0

At/ ps where AP is the pressure difference betwgen the inside and
outside of nanobubbles, is the surface tension of water, and
Figure 11. Plot of sound travel distancé§) versus sound travel time R s the average radius of nanobubbles. As expected, small
l(_At) in Oé'cf[t) solutions, .reSpeclt.';el.'y' after repeated filtration (dashed 5 mphiphilic solute molecules at the gas/water interface reduce
ine) and after air injection (solid line). y. Thereforefmax= 7.6 x 10°5, Pmax= 19 atm, andh,0> 1.5
x 10% Note that the coverage of small amphiphilic organic
molecules at the gas/water interface greatly reduces the pressure
inside nanobubbles. This might explain why they can form and
also become rather stable in small organic molecule aqueous
solutions.

we estimate the average dynamic correlation length of the fast
mode (dpsst) as 1.2+ 0.1 nm, very close to the molecular
size ofa-CD.% The constant value dDgy[lindicates that the
average size of nanobubbles is not affected by ¢h€D
concentration.

Figure 10 summarizes the concentration dependence of
different average correlation length&p fast) [Epsiowl] and
[s.siowd It is clear that all of them are independent of t€D By using a combination of LLS and isothermal compress-
concentration. It is even more important to note that the ratio ibility measurements, we found that, in small water-soluble
of s sioWdp siowlis ~1 in the whole concentration range, organic molecule aqueous solutions, the slow mode observed
indicating a hollow structure. Since the slow mode (low density in dynamic LLS is attributed to the spontaneous formation of
nanobubbles) can be completely removed by the repeatedsmall bubbles{100 nm), not as previously suggested, due to
filtration, there should be a difference between the solution’s their complexation with water to form large water/solute
adiabatic compressibilities after and before the repeated filtra- supramolecular structures. These nanobubbles can be viewed
tion. The difference A«s) should be related to the adiabatic as low density microdomains in the solution, stabilized by a

Conclusions

compressibility of the low density nanobubble phagg)(as layer of small organic molecules (amphiphilic in nature) at the
gas/water interface. A combination of static and dynamic LLS

Akg kg, results enables us to estimate that the volume faction of these

a = fa (26) nanobubbles is fairly small and the internal pressure could be

as low as 2 atm because the surface tension is greatly reduced
by the adsorbed layer of amphiphilic solute molecules. This

Figure 11 shows the plot of sound travel distanas)(versus explains why these nanobubles are rather stable.

the sound travel timeAt). The slope leads to the sound velocity

in the solution. The sound velocity of each aqueous solution Acknowledgment. The financial support of the Hong Kong
slightly increases after the repeated filtration but decreases afterspecia| Administration Region Earmarked Grants (CUHK4025/
the air injection. It further confirms that the low density phase 04P, 2160242), the Chinese Academy of Sciences Special Grant
of the solution is related to nanobubbles. Our results lead to (KICX2-SW-H14), and the Natural National Science Foundation
the value offis /it = 8.8 x 1072, wherext was calculated Project (20574065) is gratefully acknowledged.

by using eq 17. Note that the difference between isothermal
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