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Abstract

The effect of ionic liquid (IL) constituents anchet monovalent salts on the stability of polystyrdatex
particles was studied by electrophoresis and Bghttering in dilute aqueous suspensions. Surfaaeye
and aggregation rate were both sensitive to the tpions leading to different critical coagulation
concentration (CCC) values. Systematic variatiotheftype of IL cations and anions allows us tacgla
these ions within the Hofmeister series. We finat tthhe dicyanoamide anion should be placed between
iodide and thiocyanate, while all 1-alkyl-3-metimyidazolium cations can be positioned to the lefthef
tetramethylammonium and ammonium ions. The hydrbplity of 1-butyl-1-methylpyrrolidinium
(BMPL") ion is intermediate between 1-ethyl-3-methylinzidium (EMIM") and 1-butyl-3-
methylimidazolium (BMIM). With increasing alkyl chain length, the 1-allBAnethylimidazolium
cations adsorb on the latex particles very stranghd 1-hexyl-3-methylimidazolium (HMIM and 1-
octyl-3-methylimidazolium (OMIM) lead to pronounced charge reversal and to arrnieiate

restabilization region.
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1. Introduction

lonic liquids (ILs) consist entirely of cations aadions, and these systems became the focus oite
research recently, mainly due to their uncommorpgriies, such as low vapour pressure or wide
electrochemical window?® These aspects make ILs promising media in matsdi@nce applications,
including energy storage, extraction of mineralsbimmolecules and electrodepositithAn important
class of materials in these applications are parsiaspensions in ILs, as they are relevant in particle
synthesis, catalysis, solar cells, or printing ifiksFor example, numerous researchers have synthesized
novel metal nanopatrticles in ILs and they couldtesthe stability of these suspensions to thealytit
activity."****" In this context, the stability of these suspersiplays a key role, and therefore particle
aggregation in ILs was investigated recenti§?

Such particle aggregation studies also focused_emater mixtures, and it was quickly realized
that on the water-rich side the IL fully dissociatéo ions, and that aqueous solutions of ILs dlose
resemble simple electrolyté%?°?**Good understanding of the influence of the preseriavater in ILs is
further important, since most ILs contain wateatcertain extent.

Studies of colloidal particle aggregation in sim@kectrolyte solutions have a long history,
including the landmark development of the Derjagundau, Verwey, and Overbeek (DLVO) thedty.
This theory predicts, in agreement with experimérdf the aggregation of charged colloidal parsidte
slow at low salt concentrations, while at highenamntrations it becomes rapid. The sharp transition
between these two regimes occurs at the so-catlgdat coagulation concentration (CCC). The CCC
represents an important characteristic concernlireg destabilization power of a given salt, or more
precisely of the constituent ions. A major achiegamof the DLVO theory was to rationalize the
Schulze-Hardy rule, which states that multivalenirterions strongly lower the CCE?’

However, the CCC can be also influenced by otheiciproperties than their valence. A well-
studied aspect represents the Hofmeister seriéshvdiders ions according to their hydrophobiéty.

This series was originally developed to accountterstabilization power of protein solutions, nme
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CO> < SO <H,PO, <F <CFr<Br <NO; <I"<ClO; < SCN'

N(CHs);" < NH," < C$ <RI <K'< Nd < Li*< Mg** < C&"

The series indicates that negatively charged prstiirm stable solutions even in the presence gif hi
concentration of ions located on the right hand,sighile the ions of the left hand side induce rthei
precipitation already at low concentrations. Typiicaarticle aggregation follows the same sefféd.In
particular, negatively charged particles follow (above) direct Hofmeister series, whereby the mms
the left induce lower CCCs, while the ones on tighty higher ones. On the other hand, positively
charged particles follow the (reversed) indirectfii@ister series. Thereby, the ions on the left lead
higher CCCs, while the ones on the right, to loaees. The role of divalent ions is more complicated
since their effect on particle aggregation is dygatluenced by the increased valence as desciilyetie
Schulze-Hardy rulé>?’ Therefore, divalent ions are not considered here.

The position of an ion in the Hofmeister series daam qualitatively correlated to its
hydrophobicity or their degree of solvatitit> Hydrophilic and well-solvated anions, such aoFCr,
appear on the left, while hydrophobic and poorldiaged anions, such asotr SCN, on the right. The
cations are arranged in the opposite way. The Ipydlio cations, such as Lor N&, appear on the right,
while the hydrophobic ones, such as N¢zHor NH,*, on the left. Many colloidal particles have a
hydrophobic surface (e.g., polystyrene latex) dredhtydrophobic ions will adsorb more strongly test
surfaces than the hydrophilic ones. Therefore, G@IC be lower in the presence of hydrophobic
counterions than in the presence of hydrophilicso@nversely, the CCC will be higher in the presen
of hydrophobic coions than in the presence of hgdilic ones. In the latter situation, however,
electrostatic repulsion between the coions anaiiaeged particle may lead to very weak adsorptod,
these effects may not be noticeable. In generalCiCs will decrease with increasing hydrophobiofty
cations for negatively charged hydrophobic partic{direct Hofmeister series), while they will also

decrease with decreasing hydrophobicity of cationgositively charged particles (indirect Hofmeist
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series). The reverse argumentation applies to Ipydio particles (e.g., silica). These trends haeen
confirmed by CCCs measurements in numerous sysgpesimentally?>313236-38

In the present study, we investigate charging aygremation of polystyrene latex particles in
agueous solutions of ILs. From the concentratiqreddence of the aggregation rate, one can exhract t
CCC, and the observed sequences in these quamiede used to place the IL constituents into the
Hofmeister series. The present investigation igteel to an earlier study published by us, whiclused
on simple monovalent ions ordyThat study used the same particles as the presenthus facilitating a
direct comparison of both. While ion specific efleon protein solubilisation and enzymatic activity
aqueous solutions of ILs were studied with a siméian*** we believe that the determination of the

CCC for uniform particles provides a reliable meastoncerning the position of IL constituents withi

the Hofmeister series.

2. Experimental

2.1 Materials

Sulfate and amidine functionalized polystyrene Xatearticles were purchased from Invitrogen
Corporation. The size and polydispersity of thetipl@s were determined by interpreting static light
scattering (SLS) data in stable suspensions with tkieory** Very good agreement was found with the
values obtained in transmission electron micros¢@iM) measurements by the manufacturer (Table 1).
Dynamic light scattering (DLS) yielded slightly higr hydrodynamic radii, probably due to sample
polydispersity. The same particles were used inpravious study’ where further properties of these
particles are given. Prior to the experiments,gheicles were dialyzed against ultrapure wateil time
conductivity remained constant and below @S3cm. For the dialysis, cellulose ester and polglidiene
fluoride membranes (Spectrum Rancho) were usethéosulfate and amidine modified latex suspensions,
respectively. The particle concentrations in thalydied stock suspensions was determined by SLS,

whereby a calibration curve of the scattering iatignobtained with the original particle suspensiaf
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known concentration was used. Typical concentratiarthese stock suspensions were 65 and 7 g/L for
sulfate and amidine particles, respectively. UltirepMilli-Q water (Millipore) was used throughout.

ILs used in this study were purchased from IoLiTeahd they include 1-butyl-3-
methylimidazolium as cation with chloride (BMIM-Clpromide (BMIM-Br), dicyanoamide (BMIM-
N(CN),) and thiocyanate (BMIM-SCN) ions, 1-butyl-1-metytrolidinium ILs with the same anions
(BMPL-CI, BMPL-Br, BMPL-N(CN), and BMPL-SCN) and the chloride salts of 3-methidiazolium
(MIM-CI), 1-ethyl-3-methylimidazolium (EMIM-CI), lhexyl-3-methylimidazolium (HMIM-CI) and 1-
octyl-3-methylimidazolium cations (OMIM-CI) (Fig.)1The ILs were dried under vacuum at 50 °C for
one day and Karl-Fischer titration (Metrohm) wasf@ened to determine their final water content, ethi
was always below 1 g/L. The dried ILs were handited glove box. In some cases, mixing the ILs with
water resulted in the formation of precipitates thu¢ghe presence of impurities, which could be detd
by light scattering. These precipitates were rerddweleaving the aqueous solutions standing ovhtnig
and filtering with a 0.Jum syringe filter (Millipore). Inorganic salts of alytical grade were purchased
from Sigma Aldrich (NaCl, NaN(CN)and NaSCN) and Fluka (NaBr). Their solutions wenepared by
mixing the calculated amount of solid salt withrafture water. All stock solutions and water were
adjusted to pH 4.0 with HCI and filtered prior #ngple preparation. The measurements were carried ou

at a temperature of 25.0+0.2 °C.

2.2 Electrophoresis

A ZetaSizer Nano ZS (Malvern) instrument was usedidtermine the electrophoretic mobility of the
particles. During sample preparation, water wasechiwith the appropriate volume of stock electrolyte

IL solutions to reach the desired concentratiore particles were then added from the concentratet s
suspension to get final particle concentration$ ahg/L in the case of amidine and 50 mg/L for the
sulfate latex. The samples were equilibrated fa& minute in the instrument prior to the measurement

Five repetitions were performed and averaged.
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2.3 Particle Aggregation

Time-resolved DLS was used to follow the aggregafoocess in aqueous particle suspensions. This
technique has proved most suitable to determingeagtion rates of colloidal particlés?’ The
instrument used was an ALV/CGS-3 goniometer (ALY¥tem, equipped with a He/Ne laser of a
wavelength of 633 nm and an avalanche photodiodeditector. Samples were prepared in borosilicate
glass cuvettes (Kimble Chase). Before the measuresmthe cuvettes were cleaned in piranha solution,
which is a mixture of concentrated$0, (Carlo Erba) and 30% J, (Reactolab) in a volume ratio of
3:1. Subsequently, they were washed with water drretl in a dust-free oven at 60 °C. The particle
concentrations were varied in the range of 2-10.nfy amidine latex and 50-200 mg/L for sulfatesbat
which corresponds to number concentration rangg0d-2.0)x14> m*. To start the aggregation
experiment, the particle stock suspension was tiejeinto a cuvette containing the respective salt
solution, the sample was mixed and inserted inligd scattering system. The correlation functioasw
recorded for 20 seconds at a scattering angle ©a80 second-order cumulant fit was used to determi
the hydrodynamic radius. The change in this guamtés followed in 50-100 subsequent runs. To probe
the early stages of the aggregation, the hydrodimeadii values never increased more than 40%éseh
experiments. This increase is an adequate compeobgisveen good measurement accuracy and minor
interferences of higher aggregate® The apparent dynamic aggregation rate coefficiéntwas

determined from the initial rate of increase

_ 1R "
R,(0) dt| |

where R, is the hydrodynamic radius ahé the time. The measured apparent rates werectererted

to absolute aggregation rate coefficiektdy means of the relation
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A
k=—— 2
Afast kfaSt ( )

where A, _ is the apparent dynamic aggregation rate coefficie 1.0 M KCI solution, where the

fast

aggregation is in the fast regime. The absolutereaggion rate coefficienk,, was previously

ast
determined with time-resolved simultaneous statid dynamic light scattering in 1.0 M KCI solutions.
In these measurements, the apparent static raffice#s were obtained from the initial changetlogé
scattered intensity at several scattering anglepdoited against the apparent dynamic aggregaditesr

A linear fit was performed on the data and the kibs@aggregation rate coefficient was calculateanfr
the intercept® The resulting values werek(,, = 3.3+0.2)x10"* m¥s for the sulfate latex and

(3.0£0.2)x10"® m¥s for the amidine lateX. The CCCs were determined from plots of the ragaffiment
k versus the salt concentration, whereby straigiasliwere fitted to the experimental points in tlosvs

and fast aggregation regimes. The uncertaintyefX6C determined by this method is about 10%.

2.4 Viscosity

A DV-II Pro viscometer (Brookfield) was used to maee the dynamic viscosities of the IL solutions.

The concentration ranges of the monovalent elgte®slwere chosen according to the concentrations
investigated in the mobility and aggregation measuents, usually up to 1.0 M. In this range, the

viscosities varied linearly with the concentratiand the values for the individual samples weraioket

from a linear fit of the data.

3. Results and discussion
Surface charge and aggregation rates of sulfateaaridine modified polystyrene latex particles were
investigated in the presence of ILs and monovatattrolytes by electrophoresis and DLS. The ppialci

aim of these experiments was to place some comiaorstituents (Fig. 1) into the Hofmeister series.
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In addition, the influence of the alkyl chain lelgwithin the 1-alkyl-3-methylimidazolium series was

investigated.

3.1 General trends

Electrophoretic mobilities and aggregation rateswfate and amidine latex particles were measimwed
different ionic environments. Initially, we invegdited the effect of anions, namely,@r,, N(CN),” and
SCN, in the presence of Nas the cation (Fig. 2). Subsequently, the samenanivere investigated in
the presence of BMIM (Fig. 3) and BMPL (Fig. 4) as cations. In all systems, the electongtic
mobility increases with the salt concentration foe sulfate particles and decreases for the amidine
particles, sometimes resulting in an isoelectrimp@EP) and a subsequent weak charge reversakerh
trends are mainly caused by the progressive sagettirough the electrolyte and simultaneous
adsorption of the counterions. The particle agdiegarates increase rapidly with increasing salt
concentration in the slow aggregation regime, aath a constant value at higher concentrationisein t
fast aggregation regime. The CCC is located innugow transition zone between these two regimes.
This behaviour is typical for charged colloidal fidles dispersed in electrolyte solutions and can b
predicted by the DLVO theofin some situations even quantitativély® The characteristic influence
of the type of ions present on the CCCs will beailled below. No clear trends were observed in the

dependencies of the aggregation rates on the@aientration in the slow aggregation regimes.

3.2 Fast aggregation regime

The possible influence of the ion type on the &gjregation rate coefficients measured above thesCC
was addressed. The ions investigated includeBzl, N(CN),” and SCN anions, and NaBMIM*, and
BMPL" cations. As one must consider viscosity effeckss @ibsolute rate coefficients in the fast
aggregation regime were normalized by the Smoluckisvrate coefficient for diffusion controlled

aggregatiort
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ks = 3)

where K; is the Boltzmann constant, is the temperature, angl is the dynamic viscosity of the

electrolyte solution. The latter value was measumdthe respective salt or IL solutions within the
appropriate concentration range. No dependenckeohormalized fast aggregation rate coefficients on

the type of ions is observed, and one finds vanjlar normalized coefficients for both types of izdes
(Fig. 5a). Their values werk, /ks = 0.24+0.01 and 0.24+0.02 for the sulfate and amigarticles,

respectively. These values are comparable to tles oeported earlier for the same particles in the
presence of several simple monovalent electrolytisch were 0.26+0.01 and 0.23+0.01 for the sulfate
and amidine latex, respectivéfyyThese findings suggest that the attractive forces yan der Waals and

hydrophobic forces), which determine the fast agatien rates, do not strongly depend on the type of

ions present.

3.3 lon specific effects

For negatively charged sulfate latex particlesrehgere no specific effects of the coions, provitisd
was used as the counterion. All the anions useaiehaCrl, Br, N(CN),, and SCN adsorb to the
particle surface only weakly, and therefore thetetgphoretic mobility (Fig. 2a), aggregation rafEgy.
2b), and CCCs (Fig. 5b) remain the same within gxpmtal error. With the exception of the N(GN)
anion, the same observation was already reportdigred For the amidine latexes, the electrophoretic
mobilities decrease with the salt level and thaelugs at the same concentration decrease withigetties
CI, Br, N(CN),, and SCN (Fig. 2a). Adsorption of N(CN) and SCN ions results in an IEP and a
charge reversal, suggesting that these ions arerraydrophobic and that they adsorb on thesectesti
strongly. Similar charge reversal has been obsemi#tother less solvated monovalent iGh&:*?The

trend in the mobilities is also reflected in the @C(Figs. 2b and 5c). One observes that the CCC

10
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decreases in the same sequence as stated aboedy fanCl being the highest and for the N(GNand
SCN the lowest. This order can be explained as folldee hydrophobic counternions, such as N(CN)
and SCN, adsorb strongly on the hydrophobic particle steféeading to a decrease of the surface charge
and to lower CCCs. On the other hand, the hydrap@il” counterion adsorbs weakly leading to highly
charged particles, which also have higher CCCs. diiserved sequence Gt Br > SCN reflects the
expected indirect Hofmeister series, as reportédré&’ The new finding here is that N(CN)oehaves
similarly to SCN. This observation agrees with earlier protein jpitation experiment&’

When the BMIM counterion was used, electrophoretic mobilitied aggregation rates of the
negatively charged sulfate latex particles werengity influenced by the type of coions (Figs. 3d 8h).
The magnitude of the mobility and of the CCCs (Fb) were significantly lower in the presence of
BMIM * than for N4, confirming the considerable adsorption of the BMIcounterions to the oppositely
charged surface. In these systems, the mobilities @CCs were sensitive to the type of the coion,
whereby the CCCs increase in the sequence& B{CN),” < SCN. With the exception of the Cion, this
trend reflects the expected direct Hofmeister sefde negatively charged hydrophobic surfateBhis
finding is in line with recent colloidal probe expaents with hydrophilic silica particles in thegsence
of the BMIM" counterions, which reports the strength of thertstamge attraction to increase in the
sequence Cl< N(CN),” < SCN.?* Such attraction was significant at salt levelsselto the CCCs, and
therefore the CCC is expected to decrease in thme s2quence as stated above in agreement with the
indirect Hofmeister series for negatively charggdrbphilic particles.

A similar sequence of counterions was observedHeramidine particles as in the presence of
Na'. The mobilities (Fig. 3a) and the CCCs (Fig. 5eyrgased again in the sequence>Br > N(CN),”
> SCN in agreement with the indirect Hofmeister seri@sgositively charged hydrophobic surfaédés.
The electrophoretic mobilities remain positive feeakly adsorbing Cland Br counterions, while the
strongly adsorbing SCNions induce a charge reversal. However, the IEBitismted at much lower
concentration than for the Néons, which suggests that the hydrophobic BMIddion adsorbs to the

particle surface, which in turn induces a strorgeradsorption of SCNons due to ion pair formation on

11
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the surface. Formation of ion pairs between catarsanions have been reported in variousitsThe

IL constituent ions adsorbed on the particle s@faay also form ion pairs with the oppositely cledrg
ions. Formation of such surface ion pairs will thefltuence the surface charge and also the CCCtHeor
N(CN), anion, charge neutralization occurs as well, betadsorption is not strong enough to reverse the
particle charge.

For the BMPL counterion, specific effects of coions were equalbserved for sulfate latex
particles. Similar electrophoretic mobilities wareeasured for Cland Br, however, the presence of
N(CN),” and SCNions led to higher mobilities (Fig. 4a) and lov@&ECs (Fig. 4b and 5b). This trend is
opposite to the one observed for BMIMand does not follow the anticipated direct Hofstexi series.
This reversal of the Hofmeister series could bateel to the counterion affinity to the oppositeivaged
particles and the extent of ion pairing on the axef The observed trends in the CCCs indicateggron
ion pairing in the BMIM-SCN system than for BMPL-NCFor the amidine particles, a weak charge
reversal is again observed for the SGbhs, but the electrophoretic mobilities remairsifiee for the
other counterions (Fig. 4a). The charge reversalmwed at higher concentration than in the BMIM
system, which may indicate either weaker BMRIdsorption on the particle surface or weaker iain p
interactions between BMPLland SCN ions. Nevertheless, the trends in both chargird) aggregation
properties of the amidine particles in the preseote8BMPL" and BMIM® counterions are similar.
Accordingly, the mobilities at the same concentraths well as the CCCs follow the GIBr > N(CN),™
> SCN (Figs. 4a and 5c). This order is in agreement wWithindirect Hofmeister series expected for
positively charged hydrophobic particfés®

The observed trends for the cation dependenceuanmarized in Fig. 5b and 5c. For the sulfate
latex, the presence of BMIMcounterion leads to lower CCCs than BMRh the presence of simple
anions, while the trend is reversed in the presarfchydrophobic N(CNJ and SCN anions. This
reversal is probably related to the variable ext#ribn pair formation in these systems. No trerithw

CCCs was discovered for amidine latex particlesrwthe coions were varied.

12
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Let us now compare the present results with the ofi@n earlier study, which investigated the
CCCs of exactly the same particfdn particular, various anions in the presence af Ahd various
cations in the presence of Glere investigated. Combining the present resuits the ones from that
study”® enables us to place the IL constituents into Biakéished Hofmeister series (Fig. 6). For sulfate

latex particles, the extended Hofmeister seriesines

BMIM™ < BMPL" < N(CHy)," <NH,;" < CS < K'< Na < Li*

where the hydrophilic Naions typically lead to the highest CCC, while the&lrophobic IL constituents
to lower CCC. BMIM and BMPL have to be positioned on the left hand side ofsérées, indicating
that they are even more hydrophobic than the Nj£idounterion. The sulfate particles show no effects
of coions. The CCCs of amidine latex particles lire fpresence of different counterions decrease

according to the indirect Hofmeister series as

H,PO, > F > CI'>Br > NO; > N(CN), > SCN'

The N(CN)~ counterion has to be placed between theN@d SCN. The BMIM™ and BMPL coions
have again no influence on the CCC of the amidimigles. However, the N(GH4" and NH" coions

lead to systematically lower CCCs, probably, duspecific interactions with the amidine groups.

3.4 Effect of alkyl chain length

As shown in the previous section, the hydrophodWi® * counterions strongly adsorb on the negatively
charged sulfate latex particles and thus modifypheicle charge and their CCCs (Figs. 3a and Bb).
further investigate the effects of cation hydrophity on charging and aggregation of these pasicle
have studied electrophoretic mobilities and agdiegaates of sulfate latex particles in the preseof

1-alkyl-3-methylimidazolium counterions, namely fdtiM*, EMIM*, BMIM*, HMIM® and OMIM'.

13
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Their hydrophobicity increases from the left to tight due to the increasing length of the alkydicis
(Fig. 1). In all cases, the Gioion was used.

At sufficiently low concentrations, the electropétic mobilities increase with the concentration
(Fig. 7a). In the presence of MIMand EMIM', the particles remained negatively charged withia
entire range investigated. This increase is primaliie to screening by the increasing salt levet,the
adsorption of these ions to the particle surfase abntributes to this trend. However, adsorptibthese
counterions becomes more pronounced for longehatip chains and leads to slight charge reversal fo
BMIM *. The adsorption of HMIMand OMIM" counterions becomes even more important and isduce
charge neutralization and a significant charge naale At higher concentrations, the mobilities éase
due to screening, as particularly evident in thespnce of the OMIMcation. A similar charge reversal
was already reported for negatively charged kaeliparticles in OMIM-CI solution®

The charging behaviour is well-reflected in thepextive aggregation rates. For the BM|M
EMIM™® and MIM" cations with short alkyl chains, the aggregatiates (Fig. 7b) show the classical
behaviour of slow aggregation at low concentratiand rapid aggregation at high concentrations, with
CCC in between these two regimes. This situaticsinslar to the systems discussed above. The CCCs
decrease systematically with increasing alkyl chamgth, which is caused by the increasing adsmmpti
strength due to increasing length of the alkyl shai

However, the dependence of the aggregation ratheoiiL concentration is notably different in
the presence of the OMIMMounterion (Fig. 7¢). The aggregation rates arallsahlow IL concentrations,
and they go through a maximum near the |IEP. Theaqanstant at the maximum corresponds to its value
in the fast aggregation regime. Increasing the dhcentration further, one observes a decreaseeof th
aggregation rate. The rate passes through a miniemdrincreases again to reach the value in the fast
aggregation regime. A similar dependence is obsefwethe HMIM™ counterion, albeit the intermediate
minimum is much less pronounced. This shallowerimmim is due to the weaker charge reversal of
HMIM ™ as revealed by the electrophoresis. Clearly, OM#dsorbs most strongly, and the adsorption

strength decreases with decreasing chain length.

14
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One might suspect that formation of micelles cdmddrelevant in these systems, especially for
the cations with a longer apolar alkyl chain. THd@of OMIM-CI was reported to be 220 mM and for
HMIM-CI 900 mM.>*°The latter value is at the end of the concentnatémge used in the present study.
Therefore, the formation of micelles does not may role on the adsorption and particle aggregation
mechanism in the HMIM-CI system. For the OMIM-Cktsm, the CMC falls into the upper range of the
destabilization due to charge screening by thericdocounterions. Again, micellization plays a mino
role.

The observed dependence of the aggregation ratethen concentration of 1-alkyl-3-
methylimidazolium can be interpreted in terms afugcession of three CCCs. The first CCC occurs at
low concentration during the transition from slosvfast regime. The second CCC is located after the
maximum in the IL concentration, whereby the systemergoes a transition from fast to slow regime.
The third CCC is situated at highest concentrataftesr the minimum in the aggregation rate, when th
aggregation becomes fast again. Comparing theidocaf the CCCs with the electrophoretic mobilities
in the same concentration ranges, one can realigeaite first CCC is caused by charge neutralinative
second is connected with the charge reversal pspedsle the third CCC is due to the screeningatfibd
the counterions on the surface charge.

A stability map of the CCCs versus the type of ¢etions of different chain length summarizes
this characteristic behaviour well (Fig. 8). Th@€Cs are observed for HMIMand OMIM® counterions,
while only one CCC is found for MIK EMIM™ and BMIM'. Therefore, this map shows two regions
where the dispersions are stable, meaning thaiattele aggregation is significantly slower tharcase
of fast aggregation. That region is indicated astalsle. The first stability region in the lowertlebrner
corresponds to the regular stabilization due tornbgative charge of the latex particles. The second
region on the right hand side corresponds to ttsitipely charged particles after charge reversalicty
is induced by the strong adsorption of the lesgatet IL cations. The unstable region in the upaet of
the map is due to destabilization and screeniggét salt concentrations. The narrow unstable chlann

the lower right part of the map is due to the daBtation and charge neutralization at the 1EPe Tirst

15
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CCC values at low IL concentration in the preseoicé-alkyl-3-methylimidazolium counterions reflect

the decreasing chain length and increasing hydliopyiwithin the series

OMIM* < HMIM® < BMIM* < EMIM* < MIM™

On the left hand side of the series, one findshy@rophobic cations with a longer alkyl chain. They
adsorb more strongly to the particle surface, awtlige lower CCCs. Those on the right hand side are
more hydrophilic and feature a shorter alkyl chaime latter counterions adsorb more weakly, and fea
higher CCCs. This trend is reminiscent to previfindings for oxide and silver halide particles het
presence of ionic surfactants of variable chaimgtlenwhereby the IEP or the first CCC shift towards
smaller concentrations with increasing alkyl chigimgth®®* In addition, the restabilization occurred in
all systems containing surfactants with an octyhichor longer. A subsequent destabilization at high
concentrations was also observed, quite in analog®MIM*.** Enzymatic activity reflects the same
order, namely, the proteins lose their activitythe presence of HMIMat lower concentration than for
EMIM +.39,40

Similar stability behaviour was reported for theyegation of latex particles in the presence of
multivalent ions or short-chain oligoamin®$® In particular, the similarity to the system withet
oligoamines is striking, and deservers furtherulison®® These authors have studied electrophoresis and
particle aggregation rates for negatively chargelfate latex particles in the presence of aliphatic
oligoamines with the structural formulaMCH,CH,(NHCH,CH,),NH, for n = 0, 1, 2, and 4. Under the
mildly acidic conditions used, these oligoaminasrfanultivalent cations. The concentration dependenc
of electrophoretic mobilities and of the aggregatiate was very similar to the one shown in Figard
shows an analogous trend with the increasing clemigth. Moreover, the stability map of the CCCs
versus the chain length looks surprisingly simitaFig. 8. Due to these analogies, one might stispec
these two systems that the underlying mechanisadinlg to charge reversal and destabilization are

similar. The hydrophobic interaction will become nedmportant with increasing chain length and this
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aspect might be responsible in both systems forirtbeeased extent of adsorption, which would then
induce similar patterns in the charging behaviout aggregation rates. Moreover, these oligoamires a
only partially ionized and their charge could bethar reduced by complexation of counterions amd io
condensation effects. The interesting consequehttésohypothesis is that the multivalent naturehadf

longer-chain oligoamines becomes secondary and thereasing hydrophobicity determines the

adsorption of these molecules and as a consequéercaggregation of these particles.

4. Conclusions

Effect of simple monovalent ions and water-misciltles on surface charge and aggregation of
polystyrene latex particles were investigated legbphoresis and time-resolved light scatterindiline
agueous solutions. From studies performed on negpattharged sulfate latex particles, the Hofmeiste

series for the cations may be extended as

OMIM* < HMIM* < BMIM* < BMPL" < EMIM* < MIM* < N(CH,)," < NH," < CS < K" < Na < Li*

The hydrophobic ions shown on the left hand sidel ® the lowest CCCs. The most hydrophobic ones,

such as OMIM and HMIM', show more pronounced charge reversal and a suisecestabilization.

The left hand side of the series reflects the kntrend of decreasing hydrophilicity with increasicitain

length in surfactant solutions. For amidine latextiples, we conclude that the Hofmeister seriegtfe

anions should be extended as

CI">Br > N(CN),, > SCN

whereby the hydrophobic ions are shown on the haghd side and they lead to the lowest CCCs.
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Table 1. Characteristic size values of the sulfate and amiflinctionalized polystyrene latex particles

used in the present study.

Average Radius (nm) Polydispersity (%)
Latex Particles
TEM? SLS DLS’ TEM? SLS
Sulfate 265 263 278 2.0 3.8
Amidine 110 110 117 4.3 7.1

aMeasured by the manufacturBDetermined in stable suspensioi@oefficient of variation.
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oMM* MM\, EmIM* M/,
N N ~ NN
HMIMY /A, MIMY /Y,
Brm S~ NENC

N~
SO gt~y ewee L)
N(CN); \/\/N\?N\ ~o~NL

cI-

Fig. 1 Chemical structure of IL constituents used in fnesent study. The anions include chloride,
bromide, thiocyanide and dicyanoamide with methidaaolium, 1-alkyl-3-methylimidazolium and 1-

butyl-1-methylpyrrolidinium as cations.
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Fig. 2. Electrophoretic mobility (a) and absolute aggriegatate (b) for sulfate (left column) and amidine
(right column) latex particles as a function of 8@t concentration for different monovalent elelgties

of sodium cation. The results with the @r and SCNions have been already published eaffier.
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Fig. 3. Electrophoretic mobility (a) and absolute aggriegatate (b) values of sulfate (left column) and
amidine (right column) latex particles as a functiof the salt concentration in agqueous solutions of

different ILs of BMIM" cation.
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Fig. 4. Electrophoretic mobility (a) and absolute aggriegatate (b) values of sulfate (left column) and

amidine (right column) latex particles as a functaf the salt concentration for different ILs of B\

cation.
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Fig. 7. Electrophoretic mobilities (a) and aggregatiore reoefficients (b and c) of sulfate latex partcle

in the presence of ILs composed of chloride anioth &-alkyl-3-methylimidazolium cation of different

alkyl chain. The lines serve to guide the eyes.only
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Fig. 8. Stability map including CCC values for sulfatdeba particles in the presence of l-alkyl-3-
methylimidazolium cation based ILs of different @lichain length with chloride anion. The circles

indicate the first CCC, squares show the second @@diamonds refer to the third CCC.
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