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SUMMARY

Understanding solution-phase aggregation and dynamics in complex fluids is critical for material processing, 

yet widely used dynamic light scattering (DLS) is unsuitable for strongly attenuating systems such as conju

gated polymers. We use X-ray photon correlation spectroscopy (XPCS) to probe the dynamics of a polymer, 

PM7, in toluene, revealing unexpected oscillations in the autocorrelation function that show vertical flow dur

ing measurement. Despite the relatively low X-ray absorption, measured flow velocities scale with X-ray po

wer and suggest convective transport. Our analyses reveal mobile and static scatterers that together pro

duce oscillatory, heterodyne features in the correlation functions. Finite element simulations predict flow 

velocities much larger than observed, suggesting that entanglements of the aggregates slow their motion. 

These results provide a direct measurement of ultraslow convection and highlight the need to account for 

ACCESSIBLE OVERVIEW Controlling how molecules move and organize within liquids is important for the 

development and improvement of many modern technologies, from solar energy materials to coatings and 

advanced plastics. However, these motions can be extremely slow and difficult to observe and quantify, 

especially in complex polymer solutions where standard optical techniques often fail. In this study, we 

used a sensitive X-ray method to directly measure how clusters of polymers move in solution. We discovered 

that even small amounts of heat from the X-ray beam can create tiny upward currents in the liquid, causing 

material to drift at extremely slow speeds. These subtle flows revealed that the solution contains a mixture of 

freely moving clusters and more tangled, network-like structures. Understanding this hidden organization is 

important because molecular assembly in solution often determines the structure and performance of a final 

solid material coated from the solution, including those used in organic solar cells and printed electronic de

vices. More broadly, our results show that measurement tools themselves can influence the behavior of soft 

matter, even when no obvious structural changes are visible. Recognizing and accounting for these effects 

will help researchers make more accurate measurements of slow dynamics in liquids. At the same time, the 

ability to detect such gentle motion opens new opportunities to study how complex fluids evolve, relax, and 

respond to their environment, improving our understanding of materials that play key roles in energy, 

manufacturing, and emerging technologies. 
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even modest beam heating in XPCS analysis. Moreover, the observation of distinct scatterer populations un

derscores the structural complexity of conjugated polymer solutions.

INTRODUCTION

Particle size and motion in liquid-phase suspensions are of great 

importance toward understanding materials processing and 

function across a variety of fields, including pharmaceuticals, 

polymers, and nanoparticles. Particularly, dynamics in the ultra

slow regime of Å/s motion are key to understanding stress relax

ation, gel formation, and aging in soft-matter systems. Dynamic 

light scattering (DLS) is one tool that is commonly used to probe 

the size and dynamics of nanoparticles, polymer aggregates, 

and proteins in solution. DLS measures dynamics through the 

decay of the scattering-vector ( q
→

)-dependent time autocorrela

tion function of speckle intensities due to nanoscale dynamics. 

Additionally, measurements of various flow fields have been 

demonstrated through oscillations of the autocorrelation func

tion.1,2 A limitation of DLS is its non-applicability to solutions/ 

particles that strongly absorb light and exhibit multiple scattering 

effects at the probing wavelength. These effects may reduce the 

scattered signal strength and introduce unintended dynamics.3

Unintended dynamics may arise from convective flows caused 

by local heating of the solution due to light absorption. Convec

tive flow has been observed using DLS in numerous materials, 

including conjugated polymers, hemoglobin, and gold nanopar

ticles.4–9 The flow has also been imaged using tracer particles 

to visualize the convective cycles.10 Quantification of these 

convective flows has remained elusive due to the inability of 

most DLS experiments to accurately probe scattering with verti

cal q
→

components.5 Therefore, the nature of light-absorption- 

induced convective currents and strategies to mitigate them 

remain poorly understood.

X-ray photon correlation spectroscopy (XPCS) presents new 

opportunities to better characterize ultraslow dynamics by using 

area detectors that simultaneously record scattering in both ver

tical and horizontal q
→

directions, spanning several decades in 

q.11–16 Also, X-rays have lower attenuation in most materials 

compared to visible light. Thus, XPCS can potentially overcome 

the limitations of DLS in measuring optically opaque solutions. In 

XPCS and DLS, the velocity of scatterers within a sample can be 

probed in homodyne or heterodyne modality.16–18 Homodyne 

experiments probe the relative difference in velocity between 

scatterers, while heterodyne experiments resolve velocities 

through the use of a static reference scatterer.14,16

In this study, we use XPCS to probe the dynamics of aggre

gate structures present in a solution of a state-of-the-art 

conjugated polymer, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-chlor

othiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1′,3′- 

di-2-thienyl)-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c’]dithio

phene-4,8-dione))], referred to as PM7, in toluene. The 

chemical structure of PM7 is shown in Figure S1. PM7 and 

similar polymers have achieved high performance in organic 

photovoltaic devices, particularly by tuning solution aggrega

tion using methods including shearing forces.19–21 Yet, the 

understanding of the nature of solution aggregates in these 

polymer solutions remains incomplete, motivating the study 

of this system with XPCS. By performing XPCS experiments 

with varying X-ray beam power and small- vs. large-beam sizes 

(see methods), we identify unexpected oscillations in the auto

correlation functions that indicate vertical convective flow 

driven by local beam heating despite the relatively low attenu

ation of X-rays in the sample. Our analyses of these autocorre

lation functions reveal the presence of both mobile and quasi- 

static polymer aggregates, producing internal heterodyne 

mixing. Furthermore, the slower-than-expected flow velocities 

suggest that the mobile polymer aggregates are likely con

strained by entanglements, leading to non-Newtonian flow 

behavior. Our results underscore the complex, entangled 

aggregate structures in solution-processed conjugated poly

mers and highlight the need to account for beam-induced heat

ing in XPCS experiments on liquid samples.

RESULTS

XPCS and small-angle scattering analysis

Single detector frames exhibiting speckle patterns are shown for 

measurements taken at small-beam and large-beam conditions 

in Figures 1A and 1D, respectively. The two-time correlation func

tions (TTCFs) for PM7 in toluene are plotted in Figures 1B and 1C 

for small-beam conditions with 47% of an unattenuated beam 

flux at q = 0.005 Å− 1 at ϕ = 90◦ and ϕ = 0◦. Oscillations appear 

at ϕ = 90◦ (Figure 1B) along both the constant-lag and the con

stant-age directions. These directions are shown in Figure 1F, 

and their definition and meaning are described in detail else

where.22,23 The checkerboard pattern in Figure 1B has been pre

viously observed in epitaxial growth experiments24,25 and for 

shear-thickening colloids.26 All oscillations disappear at ϕ = 

0◦ (Figure 1C), indicating that they are caused by anisotropic 

dynamics such as directional flow.12,15 The ϕ dependence of 

the TTCF features is apparent at a range of q values and across 

all measurements, as shown in Figures S2, S3, and S4.

Importantly, the time-dependent small-angle X-ray scattering 

(SAXS) data shown in Figure S5 show no significant changes in 

scattering across the measurement time that would suggest 

beam-induced structural evolution. This observation casts sig

nificant doubt on the validity of the typical approach of using a 

constant scattering intensity (i.e., constant S(q)) as a proxy for 

the maximum dose at which intrinsic sample dynamics are still 

measurable (i.e., non-beam-altered S(q, ω)).27 While noting that 

each sample system may behave differently with regard to 

‘‘beam damage,’’ our results unambiguously show that a con

stant static S(q) is not a proxy, or even an approximation thereof, 

for a constant dynamic S(q, ω) (even for cases when this changes 

along the lag time [Figures S2, S3, and S4]). In this context, 

Figures S6 and S7 confirm isotropy in the scattering pattern 

and consistency of the azimuthally integrated I(q) between 

measurements, respectively.

To understand the oscillations in correlation intensity along the 

constant-lag direction (Figure 1B), we analyze the large-beam 

data shown in Figures 1E and 1F. The TTCF shows no 
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oscillations along the constant-lag direction but still exhibits a 

similar oscillation trend along the constant-age diagonal with 

varying ϕ, compared to the small-beam data. Given the 

∼40× greater beam area in the large-beam experiments, we 

suggest that the oscillations along the constant-lag direction 

seen in the small-beam data (Figure 1B) are likely due to the 

X-ray probe capturing local dynamics that produce periodically 

increased speckle contrast, which averages out with a larger 

beam cross-section. Indeed, waterfall plots in Figure S8 show 

concurrent speckle appearance and disappearance in the 

small-beam data that account for the changes in contrast. The 

small-beam cross-section captures the local motion of a single 

or a small number of aggregates, which would produce concur

rent, cyclical fluctuations of speckles from the heterodyne 

contrast described below. We can roughly estimate the number 

of aggregates within the beam volume using the polymer volume 

fraction of ∼1% in the solution. Using an estimated cylindrical 

aggregate diameter of 100 Å from previous studies28 and a 

length of 1,500 Å, corresponding to the average molecular 

weight of the PM7, we estimate ∼23 million aggregates within 

the small-beam volume. However, previous SAXS studies 

suggest significant polydispersity in aggregate size,28 and our 

XPCS is only probing q ranges corresponding to aggregate 

diameters >500 Å. Additionally, each slice of the X-ray detector 

only encompasses a small portion of the orientation sphere for 

our isotropic liquid sample. For these reasons, it is plausible 

that only a relatively small number of individual aggregates are 

producing speckles captured in the small-beam TTCFs. A similar 

strategy employing a focused beam was recently used to reveal 

similar local motion of scatterers through heterodyne behavior in 

shear-thickening colloidal solutions.26

Modeling the XPCS autocorrelation function

To gain further insight into the origin of the heterodyne-like 

oscillations in the TTCFs, we model the g2 autocorrelation func

tions, obtained by time averaging the TTCF along the constant- 

lag direction, as shown in Figure 1F.22,23 The g2 functions aver

aged over the middle 50 s of the total scan time across a range 

of azimuthal angles are plotted in Figure 2. The oscillation fre

quency in the g2 functions depends on the q bin, as shown in 

Figure S9, consistent with previous XPCS experiments on sys

tems with flow.16,26 We first attempted to use a homodyne 

model, which was unable to fit the data (Figure S10).13 Instead, 

we found that the experimental g2 functions are modeled well 

by a heterodyne system characterized by mobile and static scat

tering populations represented by Equation 1.29,30

g2(q
→
; τ) = 1 + β

(
X2

⃒
⃒g1;A( q

→
; τ)

⃒
⃒2 + (1 − X)

2
⃒
⃒g1;B(q

→
; τ)

⃒
⃒2

+ 2X(1 − X)Re
[
g1;A( q

→
; τ) ⋅ g∗

1;B( q
→
; τ)

])

(Equation 1) 

In Equation 1, β is the contrast, X is the fraction of scattering 

from the mobile scatterers, and g1,A and g1,B correspond to the 

Figure 1. Detector frames from small- and large-beam experiments and calculated TTCFs 

(A) Linearly scaled detector frame from small-beam scattering at 47% beam flux with 0.5 s readout time. 

(B) TTCF of small-beam data taken at q = 0.0045–0.0055 Å− 1 and ϕ = 90◦. 

(C) TTCF of small-beam data taken at q = 0.0045–0.0055 Å− 1 and ϕ = 0◦. 

(D) Linearly scaled detector frame from large-beam scattering at 100% beam flux with a 5 s readout time. 

(E) TTCF of large-beam data taken at q = 0.0185 Å− 1 and ϕ = 90◦. 

(F) TTCF of large-beam data taken at q = 0.0185 Å− 1 and ϕ = 0◦. 

Note that only a middle portion of the TTCF is shown in (E) and (F) to allow for easy comparison with (B) and (C), as well as to avoid bad frames. Full TTCFs are 

shown in Figures S2, S3, and S4.
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intermediate scattering functions of mobile and quasi-static 

scatterers, respectively, given by Equations 2 and 3.

g1;A( q
→
; τ) = e

−

(
|~v|2τ2

4σ2

)

eiτ~q⋅~ve− (ΓAτ)αA
(Equation 2) 

g1;B( q
→
; τ) = e− (ΓBτ)αB

(Equation 3) 

In Equation 2, there are two terms related to the drift velocity 

of the particles: first, a beam transit term to describe decorre

lation of particles transiting out of a Gaussian-shaped beam 

with a root-mean-squared width σ, and second, an oscillatory 

term that produces the characteristic heterodyne ripples. Os

cillations only appear in the TTCFs extracted from scattering 

bins that contain a vertical component of q, showing that 

the direction of the flow is vertical. Values of | v
→
| from the 

fits shown in Figure 2 indicate flow with velocities ranging 

from 3 to 13 Å/s, depending on X-ray beam flux. Complete 

fit parameters are available in Tables S1, S2, S3, and S4. 

We note that this model is likely a simplification of the actual 

system, which has a range of ΓA, ΓB, αA, and αB reflecting the 

polydispersity in aggregate size common for conjugated poly

mers like PM7.28,31 Additionally, the heterodyne terms domi

nate the model, resulting in large uncertainties of relaxation 

rates and stretching exponents. This is even true for the 

experimental g2 functions taken at horizontal directions, as 

the slice width of 30◦ means the heterodyne component ac

counts for ∼50% of the decrease in the g2 value at the bot

tom of the first shoulder seen in ϕ = 0◦ and 180◦ curves 

(Figure 2) based on our fit parameters. We expect that future 

experiments with more monodisperse particle characteristics 

and optimized detector geometry will be able to extract reli

able characteristic decorrelation rates and stretching expo

nents from analysis of XPCS collected at scattering vectors 

perpendicular to the flow.

Nonetheless, the strong heterodyne oscillations allow reliable 

extraction of velocities and indicate that there are two populations 

of scatterers–one mobile and one quasi-static. These two popula

tions can be explained through the presence of both mobile poly

mer aggregates and a static polymer network of aggregates. Pre

vious SAXS and cryoelectron microscopy (cryo-EM) studies of 

PM7 in chlorobenzene solutions support this explanation, sug

gesting the presence of a complex population of aggregates ex

hibiting both isolated and networked structures.28,31 It is worth 

pointing out that equivalent g2 functions may also be produced 

by using two mobile scattering populations with a constant offset 

in drift velocity. However, this scenario is unlikely given the broad 

polydispersity inherent in PM7 solution aggregates.28,31

Modeling vertical aggregate motion

Having established the origin of the internal heterodyne mixing, 

we now discuss the driving force for the vertical motion of the 

mobile aggregates. In the XPCS experiment, the horizontally 

mounted capillary was sealed on both ends, and no external 

fields were applied. Thus, the vertical motion must be due to 

gravity—the only force acting on the aggregates in the vertical 

direction. Gravity can drive vertical flow of aggregates through 

sedimentation or buoyancy due to a density difference relative 

to the surrounding matrix.

To understand whether sedimentation or buoyancy is driving 

the vertical velocity, we examine the dependence of fitted velocity 

on X-ray beam flux. The vertical velocities extracted from the fits in 

Figure 2 are plotted vs. the absorbed X-ray power density in 

Figure 3, revealing a linear dependence. While X-ray absorption 

can have many effects on a sample, the lack of major structural 

rearrangements, indicated by the unchanged SAXS profile and 

intensity and the identification of gravity as the driving force, 

suggest that local heating due to X-ray absorption is the main 

factor.

Figure 2. Autocorrelation functions and fits 

Autocorrelation (g2) functions (solid lines) and fits (dashed lines) for small-beam data obtained using an average over the middle 50 s of the total scan time of the 

TTCFs. Cuts shown are obtained from TTCFs evaluated at various ϕ values with a width of 30◦ and a q range of 0.0045–0.0055 Å− 1. Fits for three beam intensities 

are shown with (A) 47%, (B) 9%, and (C) 1% of unattenuated flux. Curves are vertically offset by 0.2 for clarity.
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Local heating of a fluid decreases the dynamic viscosity, η, 

and solvent density, ρsolvent, while the particle density, ρparticle, re

mains the same. Therefore, the sedimentation speed, v, will in

crease under the acceleration of gravity, g, as approximated 

through the Stokes equation:

v =
2gr2

(
ρparticle − ρsolvent

)

9η
: (Equation 4) 

However, using an approximate aggregate radius, r, of 100 Å 

found in previous solution SAXS studies28 and the tabulated 

temperature-dependent viscosity and density of toluene, we 

find that the temperature of the solution within the beam volume 

would need to reach ∼210◦C for sedimentation to explain the ve

locities, an unrealistic temperature higher than the boiling point 

of toluene (Figure S11).

We are now left with convective currents driven by the buoyant 

locally heated solvent dragging aggregates upward as the only 

reasonable mechanism driving the vertical velocity. Indeed, 

this effect has been identified as a driving force for beam- 

induced vertical flow in DLS experiments.4–8 However, most 

DLS experiments are unable to accurately measure velocities 

due to uncertainty in the vertical scattering vector caused by 

thermal lensing.5 Our XPCS measurements present the opportu

nity to directly compare velocities fitted from autocorrelation 

functions to predicted velocities via fluid dynamics models.

To find the fluid velocities that can be expected from beam- 

induced convection, we perform finite element analysis (FEA) of 

a two-dimensional (2D) representation of our experiment using 

COMSOL Multiphysics software. The X-ray beam absorption is 

modeled as a 2D Gaussian heat source, and the capillary walls 

are held at a temperature of 20◦C. In our FEA simulations, we 

utilize the material properties of neat toluene, since viscosity 

measurements of the PM7 solution, as shown in Figure S12, indi

cate little deviation from the behavior of pure toluene. Full details 

of the FEA simulations are included in the supplemental 

information (see Note S1 and Table S5), and an example of the 

flow field and temperature distribution from a steady-state 

solution for the XPCS experiment is shown in Figures S13 and 

S14. We compare the vertical velocity in the beam volume from 

the simulations with results from XPCS analysis in Figure 3. While 

the velocities predicted from FEA also increase monotonically 

with beam power, they are surprisingly several orders of magni

tude faster than velocities obtained from XPCS autocorrelation 

function fits. Our data exhibiting correlations in the g2 that persis

tent for hundreds of seconds (Figure 2) clearly show that the scat

terers are not moving at ∼1 μm/s velocities as predicted by the 

FEA analysis, since the decorrelation time due to transit of scat

terers outside of the beam height (4.6 μm full width at half 

maximum) would be on the order of 1–10 s for such velocities.

One explanation may be the competing sedimentation veloc

ity of these particles in the opposite direction. However, as 

shown in Figure S11, we expect the sedimentation velocity 

for ∼100 Å aggregates to be on the order of Å/s, not nearly 

enough to impact the vertical convective flows of μm/s esti

mated from FEA simulations. It is also possible that the previ

ously assumed static population of aggregates is also mobile. 

However, it is also unlikely that we have a purely bimodal dis

tribution of aggregate velocities giving rise to strong heterodyne 

features. Instead, we propose that the viscosity of the solution 

at these very low shear rates is much larger than the viscosity 

of pure toluene. Our viscosity measurements in Figure S12

were taken at a shear rate of ∼20,000 s− 1, several orders of 

magnitude higher than the estimated shear in the solution of 

<1 s− 1. Polymer solutions are known to exhibit a non-Newto

nian shear-thinning behavior, where at very low shear rates a 

solution may have orders-of-magnitude greater viscosities 

caused by weak entanglements that provide resistance to 

flow at low shears but that are easily broken at higher shears.32

A study of a similar conjugated polymer in solution with chloro

benzene found that dilute solutions exhibit low-shear rate vis

cosities of over 10 Pa∙s, four orders of magnitude larger than 

the viscosity of the neat solvent.33 Using a value of 10 Pa∙s 

for the viscosity produces flow rates on the order of 10 Å/s, 

in agreement with the XPCS data. We suggest that the drastic 

non-Newtonian behavior of conjugated polymer solution is 

responsible for the observed ultraslow convective velocities.

DISCUSSION

In this work, analysis of beam-induced flow has been used 

to reveal complex solution aggregate structures and dynamics 

for PM7, a high-performance conjugated polymer used in 

organic photovoltaics, while also underscoring key consider

ations in designing XPCS experiments for any (liquid) sample. 

By using X-rays instead of visible light, we circumvent the lim

itations imposed by strong attenuation and multiple scattering. 

However, we still found that the local heating from X-ray beam 

absorption produces convective currents with a velocity 

proportional to beam power. This phenomenon has been previ

ously observed but not well quantified in DLS experiments. By 

Figure 3. XPCS-fitted and FEA-predicted velocities 

Comparison of velocities from XPCS analysis (black markers, left axis) and FEA 

simulation (red markers, right axis) plotted against X-ray beam power. Stars 

correspond to data from small-beam footprints, while filled circles correspond 

to large-beam footprints.
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analyzing the autocorrelation function obtained at various 

azimuthal angles on the area detector, we reveal isolated verti

cal flow with velocities on the order of Å/s, a regime that has 

been inaccessible for DLS. These velocities are orders of 

magnitude slower than predicted by simple FEA simulations. 

We attribute the discrepancy in velocity to entangled aggregate 

structures that introduce shear-thinning behavior, resulting in 

viscosities at low shear rates of ∼10 Pa∙s.

Overall, this study underscores the complexity of aggregate 

structures within the solution for the PM7 polymer. Understand

ing the nature of these structures is vital to revealing the key 

to the high performance of PM7 and similar polymers in depos

ited films for organic photovoltaics. More broadly, we demon

strate that a constant scattering intensity profile (e.g., constant 

S(q)) is not sufficient to assume unchanging sample dynamics 

or the lack of beam-driven effects within the sample. Notably, 

we characterize X-ray-induced convection that is likely present 

in many solution-phase X-ray scattering and light scattering ex

periments—an effect that must be carefully considered for the 

design of future solution-phase XPCS and DLS experiments.

METHODS

Speckle patterns in the SAXS regime were collected from solutions 

of PM7 polymer in toluene solvent at the beamlines ID10-COH at 

ESRF and 11-ID at NSLS-II. PM7 was obtained from 1-Material, 

with a molecular weight of 120 kDa and a polydispersity index of 

2.5. In both experiments, the solution was prepared by dissolving 

10 mg of PM7 per mL of toluene and stirring for at least 3 h. These 

solutions were then transferred into a 1-mm-diameter quartz capil

lary with 10 μm wall thickness, sealed, and mounted horizontally in 

a metal sample cell at ambient temperature (∼20◦C). At ESRF 

ID10-COH, a small beam size of 40 μm2 was used to produce an 

unattenuated flux density of 6.2 × 1010 photons/s/μm2. Measure

ments were taken with three systematically varied upstream atten

uators to achieve 47%, 9%, and 1% transmission of the unattenu

ated flux incident on the PM7 polymer solution with detector image 

collection times of 0.5, 0.5, and 1.0 s, respectively. To rule out any 

contribution by the experimental setup and further investigate the 

flux-density dependence, experiments were repeated at NSLS-II 

11-ID with a much larger beam size of 1,600 μm2, producing an un

attenuated flux density of 6.3 × 107 photons/s/μm2. Due to the 

lower flux density, detector images were collected at 5 s incre

ments. We refer to the two experimental setups as small-beam 

and large-beam for the ESRF ID10 and NSLS-II 11-ID experiments, 

respectively. Additional details on the experimental setup are in 

Tables S6 and S7. For both experimental setups, we ensured 

that the longitudinal coherence condition is met for our maximum 

q value of 0.0185 Å− 1 (see Note S2; Figure S15, and Table S8). Data 

were analyzed using the beamlines’ specific software.34 For each 

set of detector images, we computed TTCFs spanning regions of 

the detector defined by a q range and azimuthal angle, ϕ.22,23
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