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ABSTRACT: The coffee-ring formation upon evaporation of a sessile droplet laden with 

dispersed particles occurs via capillary flow of the fluid towards the three-phase pinned contact 

line. In the process, the particles are carried towards the contact line followed by gradual 

deposition that accelerates towards the end of drying. However, we have observed using 

surface enhanced Raman spectroscopy (SERS) with gold nanoparticles that the deposition 

process at the contact line occurred in a short window of time that was akin to a phase transition 

and that was complete well before the drying of the droplet. Further, the concentration of 

nanoparticles at the time of deposition was the same irrespective of the initial concentrations 

studied, the value of which was calculated to have been on the order of 13 M.  

INTRODUCTION: 

Evaporation of a sessile droplet containing colloidal particles is scientifically intriguing and 

technologically important such as in inkjet printing,1 device fabrication2 and disease diagnosis3. 

The well-established knowledge in this regard is that faster evaporation of the fluid at the three-

phase contact line sets up a capillary flow that helps carry the fluid from the bulk to the 

periphery. The dispersed particles that are carried towards the contact line are deposited 

gradually there with acceleration of the process towards the end of evaporation. The end result 

is a characteristic ring formation in the deposits. The phenomenon is popularly referred to as 

the “coffee ring effect” (CRE).4 Various modern experimental techniques have helped improve 

the understanding of the particle movement and deposition characteristics that depend on the 



particle size,3 temperature,5 humidity,6 substrate morphology7 and viscosity of the solvent8. 

However, pursuing the deposition of nanoscale particles on substrate surface with time is also 

important, considering their impact in current progress in technology. For example, droplet 

evaporation driven plasmonic nanoparticle assembly have advantages in heterogenous plasmon 

catalysis,9 toxic analyte detection,10 accurate diagnosis of cancer11 and biomolecule detection 

that are especially relevant in disease diagnosis12. Surface enhanced Raman spectroscopy 

(SERS) is a well-established method that could be utilized in order to probe particle deposition 

at the pinned contact line owing to plasmonic ‘hot-spot’ generation at the junctions of 

plasmonic nanoparticles (Au or Ag).13 Thus, a question can be raised about the possibility of 

new findings in the evaporation process leading to coffee ring formation. In other words, could 

SERS based pursuit of the droplet evaporation at the pinned contact line reveal new information 

about the nanoscale particle deposition process?  

Herein, we report, for the first time, the observation of phase transition leading to solid 

particle deposition, in the evaporation of water droplets containing sodium 4-mercaptobenzoate 

capped gold nanoparticles (NaMBA-AuNPs). The nanoparticles helped in pursuing SERS 

during the formation of ring pattern at the pinned three-phase contact line (TPCL). Droplet 

evaporation and ring pattern formation were simultaneously observed using Raman microscope 

and a digital camera. Before complete drying, there was a sudden increase in the Raman signal 

intensity due to 4-MBA molecules that were attached to the nanoparticles, and which remained 

nearly constant till the droplet was dry. The plot of Raman signal of a characteristic peak with 

time indicated a sharp change in the intensity at the point of deposition, analogous to a 

transition from dispersed to deposit phase of the particles. 

RESULTS AND DISCUSSIONS: 

A stable dispersion in water that consisted of 2.5 nM spherical NaMBA-AuNP having a 

diameter of 25.3±4.2 nm was used in the ‘coffee-ring’ formation experiment. 5 µL of the NP 

dispersion was dropped on a glass substrate and taken to the sample holder of the Raman 

spectrometer. Typical diameter of the droplet was less than 2 mm. Raman spectra were 

recorded on a spot at the periphery and images of the entire droplet were captured after every 

2.5 min while it was evaporating at 22 °C temperature and 65% relative humidity in an air-

conditioned room as shown in Figure 1a. With time as the droplet was evaporating there were 

changes in the height and contact angle; however, no signal due to NaMBA-AuNP could be 

observed for a significant amount of time. We observed photographically the starting of AuNP 



deposition at the TPCL from 22.5 min (Figure 1b(ii)), which is also reflected in the appearance 

of Raman signal of MBA as presented in Figure 1c(ii). The maximum Raman signal intensity 

Figure 1: (a) Schematic of the experimental setup of the Raman measurement using 633 nm 

laser while the droplet of NaMBA-AuNP dispersion was evaporating. (b) Raman microscopic 

images recorded from above the droplet and at the three-phase contact line. (c) Raman spectra 

recorded at the contact line and (d) side-view of the droplet captured using a camera at (i) 0 

min, (ii) 22.5 min, (iii) 25.0 min and (iv) 45.0 min of evaporation, respectively. 

was observed at 25.0 min (Figure 1c(iii)). At that moment, AuNP deposition was pronounced 

as can be seen in Figure 1b(iii) and water was still present as shown in Figure 1d(iii). We 

obtained a ring pattern consisting of the deposit that hinted of the presence of NaMBA-AuNP 

after complete drying (Figure 1b(iv). It took took around 40 min for complete drying of the 

droplet. The time-dependent Raman spectra observed in a typical experiment are plotted in 

Figure 2a. As can be observed from the figure, the Raman intensities were negligible till about 

20.0 min. Then there was sudden increase in the peak intensities. From the plot of the intensity 

of 1078.0 cm-1 Raman peak - corresponding to combined C=C stretching and C−S stretching 

vibrations14 - with time, we observed significant change in the intensity within a short window 

of time from 20.0 min to 25.0 min, as shown in Figure 2b. The intensity was further reduced 

after complete drying of the droplet at 40.0 min. This was due to complete loss of water, which 

acts as a better dielectric environment for NaMBA-AuNP in order to give intense SERS 

signal.15 Here, the intensity of the Raman signal was dependent only on molecule-laden particle 

concentration (in the form of the deposit) as laser power was kept constant. As is clear from 



the graphs, the signal intensity was negligible when the particles were in dispersed phase. On 

the other hand, when the particles were deposited as solid SERS and plasmonic ‘hot-spot’ 

generation at the junctions of nanoparticles would have significantly increased Raman signal 

intensity. Further, a continuous deposition at the point of probe (contact line) would have 

Figure 2: (a) Raman spectra, measured at the three-phase contact line and at different times, 

of the evaporating droplet containing 2.5 nM NaMBA-AuNP. (b) Plot of intensity of the 1078 

cm−1 Raman peak versus time and the red curve is Boltzmann fitting of sigmoidal growth. 

resulted in a monotonous increase in the Raman signal intensity. However, our observation of 

a sudden jump in the intensity represents a phase transition of the dispersed NaMBA-AuNPs 

into solid deposit as shown in Figure 2b with the fitted plot. The inflection-point at 23.0 min 

of the fitted plot implied the moment of phase transition when water was still present. The 

concentration of the particle of the particular size at the TPCL during phase transition was 

calculated using the formula, 

 C(r,t) = 
N(t)×10

15

NA×v(r,t)
 µM         (1) 

where N(t) is number of particles that reached the coffee ring at time t obtained using expression 

reported earlier,16 NA is the Avogadro’s number and v(r,t) is the volume in nL of the liquid at 

the TPCL, which was calculated by approximating the TPCL region as right triangular prism 

of height that was equal to the periphery of the droplet. The concentration of the NaMBA-

AuNPs at the TPCL during phase transition of this experiment was calculated to be 11.5 µM. 

It may be mentioned here that the experiments performed with different initial NaMBA-AuNP 

concentrations revealed that higher concentrations resulted in faster phase transition time and 

the concentration of the particles at the TPCL during phase transition was nearly the same. 



In summary, for the first time, we have observed a phase transition during the evaporation 

of water droplet containing Raman active molecule attached to AuNPs, based on SERS. 

NaMBA-AuNPs were deposited as solid at the contact line in a window of short period of time 

much before the complete evaporation of the solvent. Average concentration of the 

nanoparticles at the TPCL during phase transition - that was based on three independent 

experiments - was found to be on the order of 13 µM. 
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