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Abstract

Solvents play a critical role in chemical reactivity. Ternary solvent systems—such as combinations
of water, a water-miscible polar organic solvent, and a water-immiscible oil—have been shown to organize
into nanophase-structured domains. However, the influence of these nanophases on reaction kinetics
remains largely unexplored. In this study, we investigate how nanophase structuring within ternary solvents
impacts the kinetics of strain-promoted azide-alkyne click reactions. Ternary solvents were designed to
either promote or suppress nanophase structuring, with dynamic light scattering being used to assess
nanoscale domain formation. High-throughput UV-Vis kinetic analysis revealed that hydrophobic reactants
exhibited significantly enhanced reaction rates within ternary solvents, beyond the hydrophobic effects
induced within water-containing binary solvents. Rates were elevated for ternary compositions within a
small, specific region of the ternary phase diagram expected to contain oil-in-water nanophases. This kinetic
enhancement effect was removed when hydrophilic reactants were used or when nanophase stability was
reduced. These findings suggest that the structure of ternary solvent nanophases can be harnessed to
modulate reaction kinetics and have influence beyond that of the bulk solvent properties like the polarity or
water-induced hydrophobic interactions between reagents. This insight has broad implications for solvent
design in synthetic chemistry, biocatalysis, and prebiotic chemistry, offering insight into controlling chemical
reactivity in complex, multicomponent solvent systems.

Introduction

Solvents are far more than a medium for dissolving reagents; they can profoundly influence many
aspects of chemical reactions, including equilibria, kinetics, and selectivity'2. For example, solvent-solute
intermolecular interactions (e.g., hydrogen bonding, counter ion interactions, electron pairing), may
influence reagent or catalyst activity, product stability, transition state/intermediates stability, or reaction
pathways. Water in particular imparts many nuanced reaction effects®® from introducing hydrophobic
interactions”® to hydrogen bonding and interfacial effects (e.g. “on water” catalysis® '°). Using non-reactive
self-aggregating molecules like micelle-forming surfactants can also exert influence over reactivity'-'4 by
providing nanoscale solvating environments that differ from the bulk. Mixing solvents to create a binary
solvent is commonplace for balancing parameters like reagent solubility'®, solvent polarity, or hydrophobic
effects'®'7. Uncovering principles by which simple changes to a solvent, either through chemical
composition or molecular organization, can bias chemical reactivity is valuable'®. Here, we explore the
influence of oil / water / cosolvent ternary solvent mixtures formulated to contain nanophase-structured
domains on reaction kinetics using alkyne-azide click reactions as probes.

It has been increasingly recognized that macroscopically single-phase ternary solvents, such as
those combining water, a water-miscible polar organic solvent, and a water-immiscible oil, can exhibit
thermodynamically stable nanophases’®-23. This solvent “structuring” goes by many names in the literature,
including surfactant-free microemulsions?', ultra-flexible microemulsions?*, pre-Ouzo region?*, mesoscale
structuring®®, etc. The solvent nanophases may consist of water-in-oil or oil-in-water pockets, or a
bicontinuous structure, with domains on approximately the 1-100 nm scale, dependent upon the formulation
and the intermolecular interactions present?°-2'. The main takeaway is that within the single-phase region
of a ternary solvent phase diagram, the solvent can assemble into fluctuating nanoscale, heterogeneous
domains; do these domains affect chemical reactivity? There have been few studies to address this
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question. Most notably, such ternary solvents have been explored for biocatalysis, wherein enzymes have
been shown to maintain activity in otherwise denaturing solvents due to segregation into water-in-oil
nanophases?6-28, Rates of hydrolysis of nitrophenyl esters2?-30 and chlorophyll®' were shown to vary as a
function of ternary solvent composition with the highest rates achieved in compositions where it is
hypothesized that water-in-oil pockets are present. However, in both systems, there are complicating factors
such as pH dependence, ionic strength of the solvent, and the fact that water is both a reagent and solvent.
Moreover, rates of reactions involving inorganic compounds including interactions of metal ions (e.g., Cu?*)
with organic molecules (e.g., meso-tetraphenylporphine)3? or metal complexes hydrolyzing or reacting with
cyanide or base3? were evaluated in ternary solvent systems but with mechanisms focusing either mainly
on the reagents interacting at the fluid-fluid interface or effects of phase-transfer catalysis synergistic with
reagent concentration fluctuations. Thus, it is still largely unknown how the nanophase organization of
solvents influences reaction kinetics for simple reactions that are relatively independent of other
physiochemical factors.

In this research, we explore the relationship between ternary solvent composition, nanophase
structure, and the kinetics of strain-promoted azide-alkyne click (SPAAC) reactions between cyclooctynes
and azides. SPAAC reactions are robust reactions that proceed under mild reaction conditions (e.g., room
temperature, neutral pH, no catalyst) and have no side reactions in the presence of water. Ternary solvents
were formulated to either promote structuring (1-octanol / isopropanol / water) or disfavor structuring (1-
octanol / acetonitrile / water; hexane / isopropanol / water). The ternary solvent nanophase structure was
characterized by dynamic light scattering (DLS). High-throughput ultraviolet—visible spectroscopy (UV-Vis)
kinetic analysis was performed to characterize the kinetics of the reaction as a function of hundreds of
different solvent compositions in the macroscopically single-phase region of each ternary phase diagram.
Compared to single and binary solvent compositions, ternary solvent mixtures containing oil-rich
nanophase structures showed significant reaction rate elevation when a hydrophobic azide and alkyne
reagent pair was used. The nanophase-induced rate enhancement exceeded that from the hydrophobic
effects present in the water-containing binary solvent by over five times in some cases. However, if the
azide chosen was hydrophilic (e.g. pegylated) or the nanophase stability was dampened (by using weak or
non-hydrogen-bonding cosolvent or oil) the kinetic enhancement disappeared. Ternary solvent formulation
could be used to bias selectivity in a competitive reaction between hydrophobic and hydrophilic azides
reacting with hydrophobic alkyne. Given that this SPAAC reaction was shown to be independent of organic
solvent polarity (e.g. rate is identical in the oil and cosolvent) and that the rates in a ternary solvent exceeded
that of any water-containing binary solvent, we conclude that the nanophase organization of the ternary
solvent is responsible. Interestingly, there is a very specific region of the ternary phase diagram that shows
rate elevation, and simply having nanophases is in and of itself insufficient. We discuss how the
concentration and composition of the nanophases might play a role. This work sheds light on how simple,
ternary solvent mixtures in the absence of any surfactants can be harnessed to influence reaction kinetics.
Understanding how to formulate multicomponent solvents with an eye towards controlling their nanoscopic
organization in addition to their bulk solvating properties may provide a useful mechanism for intentionally
modifying kinetics or selectivity. Further, such investigations can yield fundamental insights into how
chemical reactions proceed in complex mixtures®*, which is particularly relevant to understanding the
properties of chemical reaction systems / networks35-3¢ and how chemical systems may molecularly evolve
and give rise to life37-38,

Results and Discussion

To probe the impact of solvent nanophases on reaction kinetics, we selected a ternary solvent
mixture expected to contain structuring: water, 1-octanol, and isopropanol (IPA). The ternary phase diagram,
showing multiphase and macroscopically single-phase regions (i.e. homogeneous by eye), is depicted in
Figure 1a. We used dynamic light scattering (DLS) to probe the nanoscopic solvent structuring across the
single-phase region, particularly in compositions near the miscibility gap, where prior research suggests
structuring to be prominent?'. 3%-40, DLS autocorrelation curves provide information about the nanophase
hydrodynamic diameter and concentration (Figure 1b, Figure S1). Higher correlation coefficients at the
shortest delay times (i.e. the Y intercept) indicate better defined and higher concentrations of scattering
nanophases. While small, low concentration, and fast-fluctuating molecular clusters that are beyond the
limit of detection by DLS can be characterized by other means such as neutron scattering*', DLS serves
as an accessible and rapid method to screen for solvent structuring?? 4244, Many ternary compositions,
particularly those on the water-rich side of the diagram, exhibited strong scattering in DLS. Based on the

2

https://doi.org/10.26434/chemrxiv-2025-tr75v ORCID: https://orcid.org/0000-0002-3287-3602 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-tr75v
https://orcid.org/0000-0002-3287-3602
https://creativecommons.org/licenses/by-nc-nd/4.0/

DLS data and solvent viscosity, we estimated that the nanophases have hydrodynamic diameters in the
range of 1.3 — 4.7 nm (Table S1). Pure solvents, as expected, showed no scattering and no structuring
(Figure S1). Binary solvent mixtures of IPA and water yielded either undetectable or very weak scattering

(Figure 1b).
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Figure 1. DLS analysis of ternary mixtures of 1-octanol / IPA / water reveals nanophase solvent
structuring. (a) Ternary phase diagram for water, 1-octanol, and isopropanol, by volume. Selected
compositions were analyzed by DLS to deduce nanophase structuring, and autocorrelation curves are given
in (b). The curves in (b) and the dots in (a) were color coded using the same color scale to indicate the
intercept of the autocorrelation function (ACF). For (b), n=3; PDI standard deviation < 0.02. The estimated
hydrodynamic diameter for selected compositions is in Table S1.

Having devised a ternary solvent composition, we next needed a reaction to probe kinetics as a
function of solvent structure. We wanted to use an un-catalyzed reaction that proceeds at room temperature
(RT), is suitable for high-throughput UV-Vis kinetic analysis, has no side reactions, is compatible with
aqueous solvent, and exhibits relatively little sensitivity to solvent polarity. We decided to use strain
promoted azide-alkyne click (SPAAC) reactions*®48 between cyclooctynes and azides to yield triazole
products. We first explored the reaction between 11,12-didehydro-g-oxodibenz[b,flazocine-5(6H)-hexanoic
acid (DBCO-C6-acid) (0.11 mg/mL, 0.32 mM, 0.064 pmol) and benzyl azide (0.53 mg/mL, 4.0 mM, 0.80
pmol) at RT within the ternary solvent system 1-octanol, IPA, and water of varying volume fractions (Figure
2a). DLS of a 1-octanol / IPA / water mixture (0.10 / 0.45 / 0.45 by volume) with and without reagents
indicated that neither these concentrations of reagents nor their product disrupted the nanophase structure
(Figure S2). We quantified the kinetics of DBCO-C6-acid consumption across many solvent compositions
by monitoring the decrease in absorbance at 309 nm using a microplate reader and 96 well plates. The
reaction is second order, but we used 12.5x molar excess of benzyl azide to enable the application of
pseudo-first order reaction principles and deduced an apparent rate constant, k, for each solvent condition
(Figure S3). Details are described in the Supporting Information section “Apparent rate constant
determination” and the raw data including standard deviation is in Table S2. Each solvent condition was
analyzed at least three times, and the average k as a function of the solvent composition was plotted onto
the phase diagram in Figure 2b. The same data from Figure 2b was re-plotted in Figure 2¢ as a function
of water volume fraction, ¢,,.

We considered the kinetic data in Figure 2b,c. As a control, in pure IPA, k = 0.036 + 0.0065 mM-"
min-! which is the same within error as in pure 1-octanol (0.032 + 0.015 mM-" min-'), indicating that the
reaction is not particularly sensitive to the organic solvent polarity. The reaction in pure water could not be
conducted due to solubility limitations. Binary mixtures of IPA and octanol have similar apparent rate
constants to the pure octanol and IPA (Table S2). The binary mixture of water / IPA exhibits somewhat
higher apparent rate constants than pure IPA or octanol (k = 0.07 — 0.10 mM-' min-') which is consistent
with hydrophobic effects enhancing reaction rates*> 42, More interestingly, the fastest rates by far occur in
ternary solvents, wherein some compositions have k > 0.4 mM-" min-', an order of magnitude higher than
in pure IPA or octanol. Some ternary compositions’ k values are 3 to 5 times higher than the corresponding
binary solvent with identical ¢,, (Figure 2¢). For example, for ¢,.tqanor = 0-003, 0.005, or 0.01 and ¢, = 0.7
to 0.75, k = 0.3 — 0.4 mM-" min-', whereas water / IPA binary mixtures with identical ¢,, have k < 0.1 mM-!
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min-! (Figure 2c). The highest k were found in ternary compositions in the water-rich, oil-poor corner of the
phase diagram (yellow and green dots in Figure 2b) which correspond to oil-rich nanophase pockets
dispersed in a water-rich continuous phase. It appeared that the introduction of an oil, like octanol, within a
ternary solvent could be co-localizing the hydrophobic reagents within nanophases and facilitating faster
reaction kinetics.
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Figure 2. Kinetic screening of a SPAAC reaction in the 1-octanol / IPA / water solvent reveals
elevated apparent rate constants in specific ternary solvent compositions compared to pure or
binary solvents. (a) SPAAC reaction between DBCO-C6-acid and benzyl azide. DBCO-C6-acid absorbs
at 309 nm while the products and the benzyl azide do not. Reaction kinetics were determined by monitoring
absorbance at 309 nm, reflecting DBCO-C6-acid consumption. (b) To induce pseudo-first order kinetics,
the reaction in (a) was conducted with 0.11 mg/mL (0.064 umol) of DBOO-C6-acid and 0.53 mg/mL (0.80
pumol) of benzyl azide at RT under various volumetric mixtures of 1-octanol, IPA, and water. The average
apparent rate constant from at least three trials is plotted using a color scale onto the ternary phase diagram.
Raw data is in Table S2. (c) Data from (b) replotted as a function of ¢,,,, wWith ¢ ,cranoi given in the key. ¢;p4
can be deduced for each data point. k in pure octanol, pure IPA, and the water/IPA binary mixtures are
plotted for comparison. Lines guide the eye. The highest k values were observed in ternary solvents.

We wondered if the hypothesized reagent co-localization effects of the nanophases would be
dampened if one of the reagents was more hydrophilic. We replaced the hydrophobic benzyl azide with
more hydrophilic azide-functionalized polyethylene glycol, m-(PEG)s-azide (0.93 mg/mL, 4.0 mM, 0.80 ymol)
(Figure 3a). We used the same methods to deduce k as a function of solvent composition for this new
reagent scope (Figure 3b,c, Table S3). In pure 1-octanol, k = 0.030 £ 0.008 mM-' min-', and in IPA, k =
0.035 £ 0.007 mM-" min-'. These values are the same as for the reaction of DBCO-C6-acid with benzyl
azide, confirming that there is no inherent difference in reactivity for this new reagent pair. However, when
using the ternary solvent, we saw overall much lower k when using the hydrophobic-hydrophilic reagent
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pair (Figure 3b) as compared to the hydrophobic-hydrophobic reagent pair (Figure 2b). Comparing k for
the m-(PEG)+-azide case as a function of ¢,,, the ternary solvents do not meaningfully accelerate the
reaction beyond the hydrophobic-effect-induced acceleration achieved in the water / IPA binary solvent
(Figure 3c). This observation supports the idea that nanoscale co-localization of reagents into oil-rich
nanophases can influence rates, but it requires that both reagents are sufficiently hydrophobic so as to
enrich in the oil nanophase pockets, encounter each other, and react.
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Figure 3. SPAAC reaction between a hydrophobic and hydrophilic reagent is not significantly
affected by ternary solvent compositions of 1-octanol / IPA / water. (a) SPAAC reaction between
DBCO-C6-acid and m-(PEG)4-azide. DBCO-C6-acid absorbs at 309 nm while the products and the m-
(PEG)s-azide do not. Reaction kinetics were determined by monitoring absorbance at 309 nm, reflecting
DBCO-C6-acid consumption. (b) To induce pseudo-first order kinetics, the reaction in (a) was conducted
with 0.11 mg/mL (0.064 pymol) DBOO-C6-acid and 0.93 mg/mL (0.80 pmol) m-(PEG)s-azide. The reaction
was conducted at RT under various volumetric mixtures of 1-octanol, IPA, and water and the average k
from at least three trials is plotted using a color scale on top of the phase diagram. Raw data is in Table S3.
(c) Data from (b) replotted as a function of ¢,, with ¢,.taner given in the key. Ternary solvents do not
meaningfully accelerate the rate beyond that of the water / IPA binary solvent.

As previously investigated?3 39 5051 the formation and stability of solvent nanophases are
influenced by the intermolecular interactions between the oil and cosolvent, such as hydrogen bonding.
Ternary mixtures having weaker intermolecular interactions between oil and cosolvent have been shown to
have weaker nanophase structuring?? 3%, We were curious as to how weakening of nanophase structures
by reduction in hydrogen bonding, such as by replacing IPA with acetonitrile (ACN)52%3 or replacing 1-
octanol with n-hexane, would influence reaction kinetics between two hydrophobic reagents (DBCO-C6-
acid and benzyl azide). DLS analysis of 1-octanol / ACN / water solvent, and the n-hexane / IPA / water
solvent, confirms weaker nanophase structuring (Figure 4a, Figure S4) compared to the ternary solvent
with 1-octanol / IPA / water (Figure 1). For the reaction between DBCO-C6-acid (0.11 mg/mL, 0.32 mM,
0.064 pmol) and benzyl azide (0.53 mg/mL, 4.0 mM, 0.80 ymol) in pure ACN, k = 0.024 + 0.001 mM-"min-
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Tand in pure 1-octanol, k = 0.032 £ 0.015 mM-'min-", are the same within error, as expected. The reaction
in pure n-hexane could not be conducted due to solubility limitations. Reactions in the ACN / water binary
solvent mixtures have slightly elevated rates, k= 0.033 — 0.12 mM-'min-! that is comparable to IPA / water
binary solvent (Figure 3c), attributed to the hydrophobic effect. However, as seen in Figure 4b,c, and
Figure S5, there is no significant rate elevation for the ternary compositions compared to the corresponding
binary solvent for the 1-octanol / ACN / water or n-hexane / IPA / water mixtures. These results also suggest
that the presence of more stable nanophases, such as those formed by strong hydrogen bonding between
octanol and IPA in the water/ IPA / octanol mixture, influences the nanophase-enhanced kinetic effects.
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Figure 4. Weaker nanophase structuring in the 1-octanol / ACN / water solvent shows reduced
kinetic enhancement effects for the reaction between DBCO-C6-acid and benzyl azide. (a) Ternary
phase diagram for water, 1-octanol, and ACN, by volume. Colored dots correlate to the intercept of the DLS
autocorrelation function (ACF). Exemplary autocorrelation curves are in Figure S4. There is less
pronounced nanophase structuring compared to 1-octanol / IPA / water. (b) To induce pseudo-first order
kinetics, the reaction between 0.11 mg/mL (0.064 umol) DBOO-C6-acid and 0.53 mg/mL (0.80 pmol) benzyl
azide was conducted at RT under various volumetric mixtures of 1-octanol, ACN, and water. The average
k was deduced from at least three trials at each composition and plotted onto the ternary phase diagram
using a color scale. Raw data is in Table S4. (c¢) Data from (b) replotted as a function of ¢,, with
boctanot 9iven in the key. ¢,y can be deduced for each data point. k in 1-octanol, ACN, and water / ACN
binary solvent are plotted for comparison. No rate elevation in the ternary solvent was observed.

It is interesting to consider ways in which simple changes to solvent structure can be used to bias
chemical reactivity, particularly under conditions where there is competition for reagents%4. Given that
ternary solvents could be used to increase k for a hydrophobic reagent pair but not a hydrophobic-
hydrophilic pair, we thought that the nanophases might provide a route to selectively bias reactivity towards
the hydrophobic products. To test this idea, we ran reactions with 0.11 mg/mL (0.32 mM, 0.064 umol) DBCO-
Cé6-acid, 0.26 mg/mL (2.0 mM, 0.40 pmol) benzyl azide, and 0.46 mg/mL (2.0 mM, 0.40 ymol) m-(PEG)a-
azide in various single (IPA), binary (IPA / water) and ternary (1-octanol / IPA / water) solvents. We ran the
reaction to completion and used high-performance liquid chromatography (HPLC) to characterize the yield
ratio, defined as the mole ratio of benzyl azide-coupled product to m-(PEG)s-azide-coupled product (Figure
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$6). For each solvent, we also calculated a rate ratio (kyenzyi azide/Km-(pEG)a-aziae) USiNG values of k from
the non-competitive conditions in Figure 2, 3, Table S2, S$3. In pure IPA, wherein the rate ratio is 1.02,
there was correspondingly no selectivity between benzyl azide and m-(PEG)s-azide (yield ratio = 1.20 £
0.18). In the ternary solvent (¢octanor ! Pipa! ¢ =0.01/70.31/0.68), which has a rate ratio of 5.4, the yield
ratio was 3.87 £ 0.86, thus favoring the benzyl azide-coupled product as predicted. For the competitive
reaction in an IPA / water mixture (¢,, = 0.68, ¢,p, = 0.32) the rate ratio is 1.5 but the yield ratio was notably
higher, 3.08 + 0.45. Thus, it seems likely that there are synergistic hydrophobic effects occurring between
the two reactions even in the binary solvents that would be of interest for further exploration.

We considered wholistically the implications of the observed relationships between k, solvents, and
reagents in all the systems investigated. The introduction of oil to create a ternary solvent increased reaction
rates significantly beyond the water-containing binary solvent when: 1) both reagents were hydrophobic,
and 2) the solvent had “stronger” nanophase structuring stabilized by cosolvent-oil hydrogen bonding.
Changes in bulk solvent properties like polarity or viscosity, or reagent-solvent intermolecular interactions,
do not explain these relationships. Instead, we propose that these data suggest that the presence of well-
defined oil-in-water nanophases can co-localize hydrophobic reagents and accelerate reaction kinetics.
This nanophase-induced kinetic effect can surpass that of the hydrophobic effects present in the water /
cosolvent binary solvent alone. However, even if reagents are hydrophobic and there are nanophases, it is
not guaranteed that there is rate elevation. E.g. there are nanophase-containing ternary solvent
compositions in Figure 2 that do not show kinetic enhancement. The fastest rates were found in the bottom
left corner of the single-phase region of the phase diagram (Iow ¢ ,ctanor @Nd @;p4, high ¢,,) SO we suspect
that the oil-in-water nanophase number density and the “sharpness” of oil-in-water interface may play a
role. When the concentration of 1-octanol increases for compositions along the phase boundary, the
number density of oil-in-water nanophases is likely increasing; this idea is supported by DLS, wherein the
ACF intercept increases with ¢,.:qno1 Up to = 0.15 (likely indicating more scattering centers, Figure 1), yet
the hydrodynamic diameter is fairly consistent (Table S1). If nanophases become too abundant, the
likelihood of reagents encountering each other in the same nanophase will decrease. Analogous kinetic
effects have been seen for reactions in surfactant micelles'® 55% (i.e. there is an optimal micelle
concentration) and condensates57-%9 (i.e. there is an optimal phase volume ratio). For a given ¢,.¢qno1, rates
were faster when ¢,, was higher and ¢,,, was lower; when there is less cosolvent, we expect high partition
coefficient of hydrophobic molecules into the oil-rich pockets compared to the water-rich continuous phase.
Thus, it appears that there is a localized region within the ternary phase diagram that is optimal for
generating the fastest rates.

Conclusions

Here, we employed a high-throughput UV screening methodology to explore how the kinetics of
strain promoted azide-alkyne click reactions are influenced by ternary solvent composition and the solvent’s
nanophase organization. By analyzing the reactivity patterns for hundreds of different solvent compositions,
we found that ternary mixtures favoring oil-in-water nanophase structuring, as determined by DLS, can lead
to significant increases in reaction rate between two hydrophobic reagents. Rate enhancements exceed
that of the binary solvent containing water. In contrast, when a hydrophilic-hydrophobic reagent pair was
used, or the ternary solvent was formulated to reduce nanophase stability, the rate enhancement
disappeared. We also found that the formation of the ternary solvent can lead to some degree of product
selectivity for a competitive reaction between two azides. Our observations suggest that nanophase
structuring itself, as opposed to changes in solvent properties like polarity, viscosity, or introduction of
hydrogen bonding, can have significant impact on reagent co-localization that facilitates faster kinetics.
Notably, the simple presence of oil-in-water nanophases, which were detectable across a broad swath of
the phase diagram, was on its own not enough to guarantee faster kinetics; enhanced rates were found
within a much smaller range of compositions. We speculate that differences in nanophase concentrations
and composition could be playing a role, as similar considerations for balance of effects have been
discussed in the context of condensates®-%° and micellar reactions'® 55-%. This research provides insight
into how relatively simple, but strategically formulated, solvent mixtures can be used to modulate reaction
kinetics via exploitation of nanoscopic heterogeneous environments. These principles may be relevant to
systems chemistry®” broadly, with possible influence on the kinetics and emergent properties of more
complex reactive systems like those of autocatalytic networks® or oscillatory reactions®'-62, systems
involving crystallization®3, and may provide routes to molecular organization that facilitated a matter-to-life
transition.
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