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A B S T R A C T   

The applications of coffee ring effect (CRE) in analytical chemistry have been increasingly expanded from 
particles and macromolecules to small molecules, in particular coupled to surface-enhanced Raman spectroscopy 
(SERS). Despite the theory behind the formation of CRE itself from a single drop evaporation onto the dry surface 
is well established, the theoretical aspects of CRE-driven separation, especially the analyte-surface interactions 
involving small molecules, have not been conceived. Herein, we have developed a theoretical framework to 
describe the CRE-driven separation process of small molecules, using SERS analysis of dimethylarsinic acid 
(DMAV), dimethylmonothioarsinic acid (DMMTAV), and dimethyldithioarsinic acid (DMDTAV) on gold nanofilm 
(AuNF) as an example. By combining the CRE theory for the radial flow and the Extended Derjaguin-Landau- 
Verwey-Overbeek (XDLVO) theory for mass transfer between solution and AuNF surface, we adapted the con
ventional chromatographic theory to derive a modified van Deemter equation for the CRE-driven separation. By 
using this model, we predicted the travel distances of arsenicals based on the different affinity of analytes to the 
AuNF and evaluated the possibility of separation of unknown analytes by CRE-based SERS, demonstrating the 
successful adaptation of classic chromatographic theory to CRE-driven nanochromatography.   

1. Introduction 

The evaporation process of a sessile droplet containing suspended or 
nonvolatile particles normally leads to a ring-shaped formation on a flat 
substrate. These stains are produced by the so-called coffee ring effect 
(CRE) that has been firstly explored by Deegan et al. [1], where the 
author described the transport of solid particles to the edge of the drying 
droplet during the solvent evaporation. To replenish the solvent loss at 
the three-phase contact line, the radial outward flow was generated 
from the center to the edge regions of the evaporating droplet [1–3]. The 
major application of CRE was commonly attributed to the enrichment of 
nanoparticles and macromolecules in the ring region by coupling CRE 
with fluorescence [4], matrix-assisted laser desorption [5] and Raman 
spectroscopy [6], enabling a relatively low limit of detection of poly
meric nanocrystals [7], proteins [8], and polycyclic aromatic hydro
carbons [9]. Typically, CRE driven particles deposition begins once the 
radial flow starts bringing the droplet solution to the edge of the 
three-phase contact line simultaneously carrying colloidal particles 

away from the center region resulting in their accumulation at the 
forming ring stain [10]. 

In addition to the particle’s enrichment, the radial flow found its 
applications in the separation of the micro- and nanoparticles based on 
their size variation. In these applications the separation capability of the 
CRE was based on the size differences in particles or molecules. 
Generally, the larger the molecular size, the lesser the influence of the 
radial outward flow and thus, the molecule would travel a shorter dis
tance. This approach was applied for the separation of IgG antibodies 
and E-Coli cells [11], silicon nanocrystals [7], platinum nanoclusters [5], 
polystyrene bids [7], silica microparticles [12], and nanorods polymer 
monoliths [13]. 

The separation capability of the CRE was further exploited for small 
molecules, albeit challenging and in a limited number of studies. It is of 
particular interest to couple the CRE with surface-enhanced Raman 
spectroscopy (SERS), as this provides an approach that does not require 
a major sample preparation and allows simultaneous detection of ana
lytes thanks to their separation by CRE and distinct vibrational 
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fingerprints [14]. In SERS, the propagation of surface plasmons elec
tromagnetic waves, through electromagnetic and chemical enhance
ment mechanisms, could enable amplification of the inherently weak 
Raman signal by providing an increased electric field in the vicinity of 
the target molecule and the nanomaterial [15]. The fabrication of 
SERS-active substrates and the preconcentration of analytes could be 
integrated into one step, as previously demonstrated [16]. The nanofilm 
surface can be used not only for the separation of analytes but also for 
the Raman signal enhancement. In previous studies, we have applied 
CRE coupled with SERS on the silver nanofilm for the speciation of 
stable oxoarsenic species (AsIII, AsV, DMAV, MMAV) [17] and unstable 
thioarsenicals (dimethylmonothioarsinic acid, DMMTAV and dime
thyldithioarsinic acid DMDTAV) onto the gold nanofilm (AuNF) [18]. 
Manipulating the chemical environment (e.g., pH and buffer solution) 
enabled us to control the traveled distances of the arsenicals across the 
drying droplet, aiding in their identification besides their distinct Raman 
shifts. Indeed, the selective deprotonation of target compounds induces 
the unique interactions of molecules with the AuNF surface resulting in 
their distinct traveled distances. Besides, the hydroxyl of DMAV, thiol of 
DMDTAV, and thionyl of DMMTAV functional groups have a different 
affinity to the AuNF surface, leading to specific interactions with AuNF, 
controlling their adsorption on the surface and traveled distances during 
the formation of the coffee ring stain. Eventually, the molecular charge 
and the chemical composition of individual arsenicals enabled us to 
predict the deposition of each molecule at the specific region across the 
coffee ring deposit. 

The expanded applications of CRE-driven separation from particles 
to macromolecules and small molecules prompt us to consider the the
ory behind this new nanochromatography. The theory behind the single 
drop evaporation onto the dry surface and colloidal particles accumu
lation in the ring regions is well established and theoretical approaches 
have been developed [19,20]. Three major factors affect the formation 
of the CRE deposit: the radial outward flow, particle-surface in
teractions, and the reversed Marangoni flow, where the last one is 
relatively weak in the aqueous solutions and can be neglected [21]. The 
radial outward flow mainly depends upon the solvent evaporation flux, 
solution density, and the total evaporation time of the drying droplet, 
while the attraction/repulsion interactions govern the 
particles-substrate adsorption/desorption processes. These forces could 
be described by Derjaguin-Landau-Verwey-Overbeek theory (DLVO) 
that encompasses the interactions by the attractive van der Waals (LW) 
and repulsive electrostatic (EL) forces [22–24], and later the DLVO 
method was transposed into the extended DLVO theory (XDLVO) that 
introduced the new type of particle-particle interactions: the Lewis 
acid-base (AB) forces [25]. The XDLVO theory defines the stability of a 
colloidal solution as a function of Gibbs free energy interactions between 
particles summarizing repulsive EL, attractive LW, and donor-acceptor 
AB interactions as functions of particle separation and obtaining total 
free energy of interaction for a colloidal system. Typically, in aqueous 
media the donor-acceptor interactions are 10–100 times greater than EL 
and LW interactions stabilizing the colloidal suspension by hydration 
effects [26]. With the recent expansion of CRE-driven separation to 
small molecules, it becomes increasingly intriguing to relate the theory 
of coffee ring formation and particle-surface interaction to the separa
tion process and ideally to resemble the classic plate and rate theories of 
chromatographic separation. 

Herein, we have developed a theoretical framework to describe the 
CRE-driven separation process of small molecules, using SERS analysis 
of dimethylarsinic acid (DMAV), dimethylmonothioarsinic acid 
(DMMTAV), and dimethyldithioarsinic acid (DMDTAV) on AuNF as an 
example. Our primary goal was to relate CRE-driven separation process 
to the conventional chromatographic theory during qualitative analysis 
of small molecules using CRE-based SERS. We created the theoretical 
approach for the CRE-based separation by encompassing the theory of 
the CRE, XDLVO, and traditional liquid chromatography [22]. We have 
applied the general chromatography theory for the development of the 

coffee ring effect providing that the radial outward flow in a drying 
droplet resembles the mobile phase of thin layer chromatography (TLC), 
gas chromatography (GC) and high pressure liquid chromatography 
(HPLC) systems. We further adapted the classic van Deemter equation 
for the quantification of radial flow and mass transfer parameters 
influencing separation efficiency by employing the XDLVO theory to 
consider arsenicals-AuNF surface interaction. We investigated both 
theoretically and experimentally the traveled distances of arsenicals 
across AuNF by changing the pH environment to find the optimal con
ditions for the separation. We then adjusted the radial outward flow for 
each compound obtained from the van Deemter curves for the individual 
arsenicals. By using this model, we predicted the traveled distances of 
arsenicals and evaluated the possibility of separation of unknown ana
lytes by the coffee ring-SERS, demonstrating the successful adaptation of 
classic chromatographic theory to CRE-driven nanochromatography. 

2. Experimental procedures 

2.1. Materials and chemicals 

Sodium dimethylarsenate 98% (DMAV), NaOH, HCl, citric acid, so
dium citrate dihydrate (Granular certified), (3-aminopropyl)trimethox
ysilane (APTMS), glass microscope slides, weighing boats, and 25 ml 
glass vials were purchased from Fisher scientific Inc (Hampton, NH). 
The citrate buffer (pH = 3–7) was fabricated by mixing Citric acid and 
Sodium citrate. All solutions were prepared in deionized (DI) water 
(18.2 MΩ, Barnstead Nanopure Diamond). 

2.2. Instrumentation 

The Raman spectrometer was purchased from Jasko (NRS-4100), 
with a diode laser at 785 nm and average power of 33 mW. For opti
mizing resolving power, the 100 × optical lens focusing was used. A 
silicon wafer was employed to calibrate the Raman system at daily use 
and the Raman signal intensity at 520 cm−1 was monitored to check the 
reproducibility of the instrument. The SERS measurement parameters 
include the laser wavelength, 785 nm, exposure time, 4 s, and 1 time of 
exposure per measurement. The synthesis of thioarsenicals DMMTAV 

and DMDTAV and determination of their respective Raman spectra were 
performed in the previous reports [27,28]. 

The fabrication of AuNF was performed through the silanization of 
the glass substrates, followed by the deposition of nanoparticles onto the 
silanized surface (Figure S1) [29]. Immediately after the droplet con
tained 100 mg L−1 of arsenic ligands deposition onto the gold nanofilm, 
the droplet was freeze-dried, and the Raman spectra were collected. The 
adsorption of arsenic species onto the AuNF was carried out at pH = 3 
and pH = 7, in the concentration range from 10−3 to 10−9 mol L−1. 

2.3. SERS fingerprint of arsenicals on the AuNF 

The SERS vibrational fingerprints of DMAV, DMMTAV, and DMDTAV 

were measured individually by drying the liquid droplets (0.1 mol L−1 

citrate buffer, pH = 4.0), followed by the Raman laser scan. The 
arsenical solutions were prepared by diluting the stock solution of 13.3 
× 10−3 mol L−1 to 1.33 × 10−3 mol L−1 by addition of 0.1 mol L−1 citrate 
buffer (pH = 4.0). Typically, 2 μL of arsenic freshly prepared diluted 
solutions were dropped onto the AuNF, and SERS signals were obtained 
across the AuNF surface from the center to the edge regions. We have 
manipulated the evaporation time ranging from 35 to 2 min by 
completing the experiment in a vacuum chamber. 

2.4. Adsorption of arsenicals to calculate the adsorption constants 

The adsorption of analytes onto the nanoparticles in colloidal solu
tion significantly differs from the adsorption onto nanofilms. To ensure 
the uniform adsorption (without the CRE), the freeze-drying 
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pretreatment were performed before SERS measurements once the 2 μL 
arsenicals buffer solution was placed onto the AuNF. The average SERS 
signal of arsenicals was acquired from the center to the edge of the dried 
deposit (n = 3). The SERS intensities for the quantitative analysis were 
normalized by the background correction. 

2.5. Arsenicals speciation on the AuNFs 

Arsenic speciation on AuNFs was performed by subsequent addition 
of individual arsenic standards, starting from DMAV, followed by 
DMMTAV, and DMDTAV to finally prepare a mixture of the three com
pounds. In contrast to the previous work [18], to simplify the model 
development we have not added surfactant sodium dodecyl sulfate 
(0.05% of SDS) that had the purpose to increase the radial outward flow 
by decreasing the surface tension of the deposited droplet. Standard 
solutions of arsenicals of 1.3 × 10−3 mol L−1 for each species were 
prepared in 0.1 mol L−1 citrate buffer (pH = 4.0. One drop (2 μL) of the 
solution was placed onto the AuNF surface, and the sessile droplet was 
left to evaporate under ambient conditions. In contrast to the previous 
two-ring formation of the droplet with SDS, we have observed only one 
ring formation. The three-phase contact line did not move during the 
evaporation of the sessile droplet. SERS measurements on all coffee ring 
drop stains were typically carried out from the center to the outer ring 
edge along the radius of the rings, and the sampling spots were per
formed with 200 μm increments according to the on-screen meter. 

3. Results and discussion 

3.1. Chromatographic theory for the separation of small molecules by 
CRE-SERS 

We have incorporated the theories of CRE and XDLVO into the 
general chromatography theory (van Deemter equation) to develop the 
theoretical approach for the separation of small molecules by CRE-SERS 
analysis. The derived equations are shown here, and detailed informa
tion for the development of this theoretical framework can be found in 
Supporting Information. The velocity of radial outward flow (mobile 
phase) was calculated through the CRE theory, while the mass transfer 
for the arsenicals partition from the bulk to the nanofilm surface was 
characterized with the XDLVO theory. We extrapolated the XDLVO 
approach from its original nanoparticle-nanoparticle interaction forces 
to the small molecule-nanoparticle interactions. The mass transfer of 
arsenicals from the bulk to the AuNF surface depends upon the 
adsorption constant (Kad), which is determined by the Gibbs free energy 
of the interaction between the AuNF and arsenicals, including the 
attractive interactions (van der Waals forces), the electrical double layer 
repulsive energy (EL) [30], and the polar surface interaction energy 
(AB). The second Fick’s law was then applied for the adsorption of the 
arsenic ligand from the bulk to the nanofilm surface, where 
the diffusion coefficient to stationary phase (Ds) is related to Kad through 
the retardation factor (R) [31,32]. By introducing the radial flow as the 
mobile phase and the adsorption constants as mass transfer parameters 
and assuming uniform porous distribution of the cavities (active sites) 
on the AuNF, we obtained the following modified van Deemter equation. 

H = 2φdp +
2γD(m)

uR
+

⎛

⎜
⎜
⎝

wd2

D(m)
+

jdf
2

∂2Cs ∂t
∂C ∂x2 ∗(1 + Kad)

⎞

⎟
⎟
⎠uR (1)  

where H is the plate height, φ is the nanoparticles shape, dp is the 
diameter of AuNPs, D(m) is the diffusion coefficient of the mobile phase; 
γ, w, j are constants, df is AuNF thickness. 

Assuming that D(m)’s in liquid chromatography are relatively small 
in contrast to the gas chromatography, df is uniform, the equal speed of 
the arsenicals to be adsorbed on the AuNF surface, and the equal 

diffusion length of their adsorption path, after adding a time dependent 
variable depicting the mass transfer between the bulk and the AuNF 
surface we can simplify eq (1) into eq (2), realizing the adaption of 
classic chromatographic theory to the CRE-driven separation process. 
Detailed information for the development of this theoretical framework 
can be found in Supporting Information. 

H = A +
B
uR

+ (Cm + k * CS )uR (2)  

where A is the eddy-diffusion parameter related to analytes movement 
through a non-ideal surface packing (m), B is the longitudinal diffusion 
coefficient of the eluting particles resulting in analytes dispersion across 
the mobile phase (m2s−1), and Cm , CS are the resistance to mass transfer 
coefficients of the analyte between mobile (Cm ) and stationary phases 
( CS) (s). The parameter k is a time dependent variable depicting the 
mass transfer between the bulk and the AuNF surface. The coefficient in 
front of CS in classical van Deemter equation is equal to 1. In our system, 
providing that the evaporation time of a 2-μL droplet is 35 min, we 
would assume k > 1 at the earlier times (t ≈ 10 min) when the system is 
heavily dominated by the mass transfer of the uniformly distributed 
analytes to the AuNF surface, while k ≈ 1 for the later times (t = 20 min) 
when the system is balanced between the radial flow and the mass 
transfer processes. 

3.2. Computational mechanism of arsenicals adsorption onto the AuNF 
surface 

As the adsorption of arsenicals onto the AuNF surface controls the 
mass transfer from the bulk to the AuNF, we investigated the pH 
dependent arsenicals adsorption both theoretically and experimentally, 
allowing us to predict the pH influence on the traveled distances of ar
senicals. We employed the QChem 4 software for the geometry opti
mization and energy calculations of arsenic-gold cluster complexes. 
Analyzing the gas phase optimized structures of arsenicals, we observed 
that negatively charged DMAV−, DMMTAV−, and DMDTAV− formed 
three bonds upon adsorbing onto the gold cluster in contrast to the 
neutral species that coordinated through a single interaction. To mimic 
the aqueous environment and to compensate for the solvation effects 
upon adsorption of negatively charged species onto the gold cluster, 
three molecules of water were added to each negatively charged 
arsenical. The energies of adsorption of neutrally charged arsenic ligand 
(DMAV, DMMTAV, DMDTAV) were not affected by the solvation exper
iment with three water molecules, whereas the adsorption energies of 
negatively charged ligands (DMAV−, DMMTAV− and DMDTAV−) were 
considerably decreased after the solvent addition (Table 1). Thus, 
hydrogen bonding between the water and negatively charged ligands 
lowers the complexation energies. 

The adsorption mechanism of thioarsenicals (DMMTAV, DMMTAV−

and DMDTAV−) is similar to the adsorption of thiols and disulfides onto 
the AuNF. It starts with physisorption, with the H atom remaining within 
the hydroxyl group, and is followed by chemisorption leading to the 

Table 1 
The adsorption energies of arsenicals onto the AuNF surface.  

Arsenical ΔGtot 

(DFT) (in 
vacuo) 
(kcal/mol) 

ΔGtot 

(DFT) 
(water) 
(kcal/mol) 

ΔGtot 

(Experimental) 
(kcal/mol) 

Kad 

(Experimental) 
(mol−1) 

DMAV-Au −7.1 −7.1 −4.8 3.7 × 103 

DMAV−-Au −31.5 −24.5 −5.2 7.0 × 103 

DMMTAV- 
Au 

−19 −19 −6.1 3.0 × 104 

DMMTAV−- 
Au 

−45 −30.4 −8.7 2.5 × 106 

DMDTAV−- 
Au 

−40.5 −44.2 −11.4 1.5 × 108  
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breakage of the OH bond and formation of Au–O or Au–S bonds [33]. 
The adsorption mechanism included hybridization of p-like S orbitals 
with d-like Au orbitals producing both bonding and antibonding occu
pied orbitals. The process is well described by a model for the interaction 
of localized orbitals with narrow-band dispersive electron states at the 
bridge site between two surface Au atoms [34]. The Au–S bond is van 
der Waals dominated with lesser coordination and smaller directional 
input [35]. The neutral Au (0) d10s0 state dominates the nanofilm sur
face and the Au − Au bonding and reduces the covalent character of the 
Au − S bond. This is the cause of the directional change and the gold 
super exchange [36] leading to the S − Au adatom binding systems [37]. 

3.3. Theoretical and experimental gibbs free energy of Au-arsenicals 
complexation 

The Langmuir isotherm was employed [38,39] for the calculation of 
the Gibbs free energy of arsenicals adsorption onto the AuNF surface 
(see Supporting Information for details). The structures of Au-arsenicals 
complexes, their SERS spectra, and corresponding adsorption isotherms 
are shown in Fig. 1, and the Gibbs free energies of complexation (DFT) of 
arsenical-Au clusters were calculated as shown below [40] and are 
summarized in Table 1. 

ΔGtot ​ (gold − arsenical) ​ = ​ ΔGtot ​ (gold − arsenical) − ΔGtot(gold)

− ΔGtot ​ (arsenical) (3) 

Fig. 1. The adsorption isotherms of arsenicals upon complexing with the AuNF and the corresponding SERS spectra of A) protonated dimethylarsinic acid DMAV, 
600 cm−1 and B) deprotonated dimethylarsinic acid DMAV−, 596 cm−1 (the As − C symmetric stretching); C) dimethylmonothioarsinic acid DMMTAV, 465 cm−1, and 
D) deprotonated dimethylmonothioarsinic acid DMMTAV−, 457 cm−1 (the As––S stretching); E) deprotonated dimethyldithioarsinic acid DMDTAV, 412 cm−1 (the As 
÷ S delocalized stretching). 
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The adsorption of arsenicals onto the AuNF surface is pH dependent. 
The negatively charged arsenic-Au complexes (DMAV−-Au, DMMTAV−- 
Au, DMDTAV−-Au) demonstrate the lower Gibbs free energy and, 
consequently, the higher binding affinity to the AuNF in contrast to the 
neutral adsorbates (DMAV-Au, DMMTAV-Au). The calculated energies 
were lower than the literature data for the similar sulfur containing 
compounds mainly because of the computational limitations; only three 
molecules of water were employed for the solvation simulation of the 
arsenicals-AuNF complexes. However, even with the limited solvation, 
the experimental data correlate with the theoretical values. Considering 
the experimental data, it is clear that the adsorption of the sulfur con
taining arsenicals (DMMTAV-Au, DMMTAV−-Au, DMDTAV−-Au) 
regardless of the molecular charge was chemisorption like process in 
agreement with the literature data for the thiols and sulfides chemi
sorption adsorption onto the AuNF surface (6–14 kcal), whereas oxygen 
containing arsenicals (DMAV-Au, DMAV−-Au) demonstrated phys
isorption (with Gibbs free energies less than 6 kcal) [41,42]. The binding 
capacity of negatively charged thiolates (DMDTAV−) is generally higher 
than that of neutral thiones (DMMTAV) [33]. The general trend for the 
adsorption of arsenicals from the highest to the lowest adsorption values 
is the following: DMDTAV−-Au > DMMTAV−-Au > DMMTAV-Au >

DMAV−-Au > DMAV-Au. 

3.4. Travel distance of arsenicals under different pHs 

The travel distances of arsenicals were estimated in the pH range 
from 3 to 7 as shown in Table 2, where a relative retention, tR (com
pound))/tR (solvent), was defined and used for describing the travel 
distances of each analyte. To trace DMAV we have recorded the SERS 
signals for the As − C stretching at 600 cm−1 for neutral, and 598 cm−1 

for the deprotonated forms across the CRE stain. In the pH range from 3 
to 5, the neutral form of DMAV (pKa = 6.20) traveled a longer distance 
from the center to the edge regions of the drying droplet, however, as the 
pH increases, the length of the movement decreased, which can be 
attributed to the stronger interactions between DMAV− and citrate an
ions through the hydrogen bonding resembling AsIII–AuNF complexa
tion [43]. Similarly, DMMTAV (the As––S stretching, 469 cm−1 for 
neutral – 457 cm−1 for the deprotonated forms) having pKa of 3.5 
covered longer distance in contrast to the deprotonated compound. 
Once the pH increases, the DMMTAV becomes more ionic decreasing its 
Gibbs free energy of adsorption (Table 1) and substituting the citrate 
onto the AuNF surface. Considering DMDTAV’s (the As ÷ S stretching, 
412 cm−1, pKa = 2.25) traveled distance it was not considerably affected 
by the pH changes. Regarding the higher adsorption energy of DMDTAV 

onto the AuNF surface than those of DMAV and DMMTAV, this arsenical 
was immediately adsorbed onto the AuNF surface, representing the 
constant SERS signal across all regions. Overall, it is implied that the 
higher attraction of the arsenicals to the surface, the shorter migration 
distance and larger the Raman shift. 

3.5. Optimizing parameters for the derived van deemter equation: pH and 
radial flow velocity 

We started the separation optimization by selectively tuning the pH 
of the mobile phase to maximize the difference in traveled distances of 

each arsenical. Thus, the retention factor (k) normalized by the mobile 
phase front and the selectivity factor (α) were plotted against the pH to 
obtain the pH windows for each pair of arsenicals as shown in Fig. 2A 
and Fig. 2B respectively. The highest selectivity for DMAV/DMMTAV 

and DMAV/DMDTAV was achieved at pH = 4.0. 
To further optimize the separation capacity of the developed method 

we have calculated the optimal mobile phase rate by employing the 
vacuum chamber for the adjustment of the sessile droplet evaporation 
rate, considering the radial outward flow is proportional to the velocity 
of evaporation (Figure S3). The graph of the Height Equivalent to a 
Theoretical Plate (HETP) vs the radial flow velocity was constructed in 
Fig. 2C. Analyzing the van Deemter curves of the individual arsenicals it 
is seen that the increase of the mobile phase rate at the higher evapo
ration times significantly affects the HETP of DMAV, in contrast to that of 
thioarsenicals DMMTAV and DMDTAV. This could be because of the 
difference in the retention factors of DMAV and thioarsenicals. At lower 
speeds of the mobile phase, DMAV is much more influenced by the radial 
movement resulting in the minimum of the HETP at 23.5 min. Inter
estingly, that radial flow considerably affects HETP’s of thioarsenicals, 
only at the fastest rates providing the minimum of HETP at 15.2 and 7.4 
for DMMTAV and DMDTAV, respectively. The optimal velocity of the 
radial flow was computed to be 15.4 min. The extended calculations of 
the HETP and arsenicals’ travel distances are presented in Table S1. 

3.6. Separation of arsenicals in CRE-SERS analysis 

The mixture of DMAV, DMMTAV, and DMDTAV was analyzed using 
CRE-SERS at the optimized conditions for the separation at pH = 4.0 and 
the radial flow velocity corresponding to an evaporation time of 15.4 
min (Figure S3). The CRE was observed for DMAV and DMDTAV 

resulting in the higher SERS intensity in the ring region. DMMTAV’s 
SERS signals were similar in the middle and ring regions and the CRE 
formation was not so evident as for DMAV and DMDTAV. 

The differences in traveled distances of the arsenicals showed their 
separation. From Fig. 3, DMAV was found in the edge region of the CRE, 
whereas the mixture of DMMTAV and DMDTAV was detected in the 
middle region following DMDTAV in the center region respectively. Due 
to the presence of S in the thioarsenicals molecules, DMMTAV and 
DMDTAV have a higher affinity to the AuNF in contrast to DMAV that 
lacks sulfur atoms. Thus, we hypothesize that in contrast to thio
arsenicals, DMAV was not able to substitute citrate onto the AuNF sur
face and traveled a longer distance reaching the edge region. Moreover, 
the increase of DMAV’s As − O stretching SERS intensity was not 
observed, however the As − C asymmetrical stretching (599 cm−1) mode 
was enhanced. Since DMAV could not bind to the AuNF surface, this 
could happen by substituting the citrate onto the AuNF surface. This 
explanation for a longer traveled distance of DMAV could be pKa based: 
Having pKa of 6.2, DMAV at pH = 4.0 is mostly neutral in contrast to 
DMMTAV (pKa = 4.37) and DMDTAV (pKa = 2.25) molecules, that bear 
a negative charge in addition to sulfur atoms and, consequently interact 
stronger with the AuNF surface resulting in the shorter traveled dis
tances than that of DMAV. The final location of each arsenical after the 
CRE separation is shown in Figure S4. The CRE regions and the process 
of the sessile droplet evaporation are presented in Video S1. 

Supplementary data related to this article can be found at https:// 
doi.org/10.1016/j.talanta.2022.123688. 

The resolution calculation of each pair of compounds was summa
rized in Table S2 and illustrated in Figure S5. For DMAV/DMMTAV and 
DMAV/DMDTAV the peak resolution was found to be 1.5 which is the 
minimum method resolution that allowed the proper peak identifica
tion. However, for DMMTAV/DMDTAV the resolution accounted only for 
0.6 at optimized separation conditions. Even though the peak resolution 
was not enough to identify components based on their retention time, 
SERS provides a unique advantage by providing the unique fingerprint 
and allowing the identification of thioarsenicals based on their arsenic 
sulfur vibrations: DMDTAV (As ÷ S stretching at 412 cm−1) and 

Table 2 
The pH dependent traveled distances of arsenicals on the AuNF (τevap =35 min).  

Relative retention, 
tR(compound)

tR(solvent)

tR (solvent) , mm 

pH DMAV(As–C) DMMTAV(As––S) DMDTAV(As ÷ S) H2O/buffer 
3 0.81 ± 0.09 0.40 ± 0.03 0.46 ± 0.04 6.20 ± 0.74 
4 0.81 ± 0.07 0.39 ± 0.03 0.47 ± 0.03 
5 0.65 ± 0.08 0.37 ± 0.03 0.47 ± 0.05 
6 0.57 ± 0.08 0.36 ± 0.02 0.47 ± 0.03 
7 0.50 ± 0.08 0.35 ± 0.02 0.48 ± 0.02  
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DMMTAV (As––S stretching at 465 cm−1). 

3.7. General application of developed theoretical framework to CRE- 
SERS of small molecules 

The developed theory can be used to predict the traveled distances of 
analytes by the pH and radial flow, expanding its applications for the 
CRE-driven separation of small molecules in general. As pH plays a 
crucial role in mass transport of compounds to the nanofilm surface, the 
pKa’s of analytes (if unknown) needs to be calculated, e.g., by Marvin 
Sketch software that was deemed reliable here, followed by the opti
mization of pH to adjust the retention time and selectivity factor. Nor
mally, as pH increases exceeding the pKa of an analyte, the adsorption 
constant of the species increases and the Gibbs free energy becomes 
more negative, resulting in the increased retardation factor that 

magnifies the diffusion coefficient and sorption of analytes (diffusion 
flux) onto the surface, thus the increased mass transfer from the bulk to 
the surface. The charged molecules usually travel shorter distances than 
the neutral ones do. The radial flow can also be adjusted to guide the 
molecule into the specific region of the coffee ring, this could be tuned 
by manipulating the atmospheric pressure evaporation of the sessile 
droplet. The lower the atmospheric pressure, the higher the evaporation 
rate and thus the higher the radial outward flow, resulting in the in
crease of the traveled distances. 

To selectively apply this theory to small molecules, the following 
questions need to be considered: 1) What are the differences in molec
ular structures of target analytes that may trigger different interactions 
of these analytes with the negatively charged gold nanoparticles? and 2) 
What types of interactions do the target molecules have with the gold 
nanofilm (electrostatic, van der Waals, or donor-acceptor)? The final 

Fig. 2. A) retention factor (k) and B) the selectivity factor (α) for CRE-driven separation of arsenicals under different pHs; C) HETP curves of individual arsenicals 
obtained from the modified van Deemter equation [44] to calculate the optimal mobile phase velocity rate for DMAV, DMMTAV, and DMDTAV. 
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locations of analytes after the solvent evaporation could be expected in 
1) the center region, where a molecule of interest is not significantly 
affected by the radial outward flow, because it is hydrophobic or has a 
very high affinity to the AuNF surface through electrostatic attraction 
(positively charged molecules) or donor-acceptor interactions (like 
DMDTAV− and DMMTAV− here); 2) the middle region, where a com
pound is affected by the radial flow as it could be a neutral molecule that 
has relatively high AuNF surface attraction (like DMMTAV and DMAV−); 
or 3) the edge region, where an analyte is considerably affected by the 
radial flow as it might have the predominant neutral charge and a hy
drophilic character (like DMAV). For the analytes that might not be 
completely separated by the CRE, SERS provides an additional advan
tage to identify the species through fingerprint Raman shifts. 

One of the key advantages of the developed method is the minimal 
sample pretreatment allowing the complex samples to be analyzed 
without extensive sample preparation, enabling rapid field analysis. 
Also, the substrate surface charge can be easily modified to anchor 
negatively charged analytes in the specific CRE regions by fabricating 
positively charged AuNF and vice versa. The analytes-AuNF electrostatic 
attraction results in the increase of analytes adsorption, thus, the further 
enhancements of the SERS output signal and method sensitivity. Besides, 
thanks to the small substrate size (1.5 × 1.5 cm2), the AuNF is quite 
compact and versatile, it might be placed into the gas chamber, oven, 
etc. Also, the analytes’ migration distances can be manipulated through 
the adjustments of the radial outward flow by placing a substrate into a 
vacuum chamber. 

The major disadvantage of the developed method is the homogeneity 
issue of the substrate surface. The nonuniform AuNPs deposition results 
in the unstable SERS signals. There have been challenges with SERS 
method for quantitative analysis, as SERS scanning varies significantly 
with locations (e.g., due to non-homogeneous nanoparticles distribution 
onto the surface), especially when CRE-driven separation process is 
involved. Although our previous work using Ag or Au nanofilms for CRE- 
based SERS analysis of arsenicals suggested that the formation of coffee 
ring was relatively consistent during droplet evaporation and the SERS 
spectrum and signal at the same location could be reproducible in 
different batches of experiments [17], the spatial nonuniformity of 
AuNPs deposition and thus SERS signals remains a crucial factor limiting 
CRE-SERS for quantitative analysis. Another drawback is that the 
gradient elution is limited to the 0.05% (v/v) concentration of organic 
phase in the water droplet. The further addition of organic solvents 
greatly lowers the water surface tension disturbing the three-phase 
contact line and resulting in the uncontrolled drop spreading across 

the AuNF surface. 
The CRE driven separations might be further improved by adjusting 

the following factors: the increase of the nanofilm length (L) results in 
the resolution increase by the factor of 

̅̅̅
L

√
; the addition of surfactants 

(0.05%) promotes the formation of two rings system, which allows 
visualizing the two-rings CRE system: the inner (water-based) and the 
outer (surfactant-based) rings. Nonpolar analytes tend to be carried 
away by surfactant and ended up on the outer ring, while the polar 
compounds cover most of the inner ring. To describe the two-ring sys
tem, however, further adjustments of the modified van Deemter equa
tion are needed. 

4. Conclusions 

A theoretical approach based on the combination of the CRE-driven 
separation and SERS detection on AuNFs has been developed for the 
speciation of small molecules. Considering the major factors affecting 
the formation of the CRE deposit, i.e. radial outward flow, analyte- 
AuNFs interactions and Marangoni flow, the traditional chromato
graphic theory was adapted to derive a modified van Deemter equation 
for the CRE-driven separation, by combining the CRE theory for the 
radial flow and the XDLVO theory for the analyte-surface interactions. 
Through manipulating pH and the radial flow to find optimal conditions 
for the separation of DMAV, DMMTAV, and DMDTAV, we demonstrated 
that the theoretical model could predict the travel distances of small 
molecules during the formation of the CRE deposit based on different 
affinity of analytes with the AuNFs. This theoretical framework adopts a 
unified approach for both the conventional chromatographic techniques 
(e.g., GC and HPLC) and the CRE-based nanochromatography which 
employs a stationary phase on the nanometer scale to enable the sepa
ration at a very short distance (~5 mm). CRE-SERS analysis requires 
minimal sample pretreatment and allows for nondestructive and 
simultaneous detection of multiple species, thus presenting an alterna
tive approach for potential in situ detection of fragile compounds. 

Credit author statement 

Valery Liamtsau: design and conduct experiments, interpret data, 
write article Guangliang Liu: design experiment, interpret data, write 
article Alexander N. Morozov: conduct computational component of 
the research, interpret data Alexander M. Mebel: design computational 
component of the research, interpret data Yong Cai: design and inter
pret data, write article 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

Authors gratefully acknowledge NSF programs (ECS1905239) for the 
support of the work. Valery Liamtsau acknowledges the Florida Inter
national University for financial support of his dissertation research. 
This is contribution number 1123 from the Southeast Environmental 
Research Center in the Institute of Water & Environment at Florida In
ternational University. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.talanta.2022.123688. 

Fig. 3. The CRE of DMAV, DMMTAV, DMDTAV onto the AuNF at the optimized 
separation conditions (pH = 4.0, uR = 15.4 min). 
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