Supplementary Note 1: Experimental system and
measurement

In this work ellipsoidal particles were fabricated using the method described in Supple-
mentary Ref. [1]. We placed 0.5% Polymetheyl Methacrylate (PMMA) spheres into a 12%
aqueous Polyvinyl Alcohol (PVA) solution in a Petri dish. After the water in the PVA so-
lution had evaporated, we stretched the PVA film at approximately 130°C. PMMA spheres
embedded in the film can be simultaneously stretched because their glass transition temper-
atures are below 130°C. After the product had cooled to room temperature, we dissolved
the PVA and obtained ellipsoids with 5% polydispersity. The clean ellipsoid solution was
stabilised using 7 millimole Sodium Dodecyl Sulfate (SDS), after which the samples were

sonicated and centrifuged.

Supplementary Fig. 1: Contrast images of ellipsoids for particle tracking (a-g) and images that

reflect the true aspect ratios of the particles (h-n). The scale bar is 3 pm.

The aspect ratios of the ellipsoids were calculated as follows. If the length of the PVA
film was elongated by a factor of ¢, the long axis of the ellipsoid became a = qo, where o is
the diameter of the spherical particles. The short axis b of the ellipsoid was then calculated
using the fact that the volume of a particle was conserved before and after the stretching;
that is, 3m(0/2)® = 3m(a/2)(b/2)*. The aspect ratio of the ellipsoids was then p = a/b.

The images of ellipsoids that are optimal for particle tracking (Supplementary Fig. la-g)

differ from the images that accurately show the aspect ratios of the particles (lower panel of
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Supplementary Fig. 1h-n). In our experiments, we adopted the images in the upper panel of
Supplementary Fig. 1 for the purpose of image processing. Therefore, the ellipsoids in the
raw images appear to have higher aspect ratios than their true values. The choice does not
affect the precision of the mass-to-center positions and the angles calculated by the imaging

tracking algorithm widely adopted in Supplementary Ref. [2-4].
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Supplementary Fig. 2: Kinetic pathways of liquids upon cooling. As the volume fraction
increases, a liquid in a either crystalises into b or transforms into a amorphous state in ¢ via a

glass transition. The scale bar is 10 pm.

For binary spherical systems, we mixed 2.08 pm and 2.74 ym PMMA spheres with number
ratio of 0.55 : 0.45. The ratio was chosen based on the standard Kob-Anderson model [5] and
was proverbially chosen in colloidal experiments [6]. To ensure the homogeneous mixture of
two types of spheres, we shook the sample for 1 min and horizontally settled it for 4 hours

on the objective stage before recording data.



As discussed in the main text, a p = 1.26 ellipsoid (Fig. 2d) was able to take either the
c-path (Fig. S2a, ¢) or g-path (Fig. S2a, d), depending on the separation of the two glass
walls. For monolayer colloidal samples, the wall separation, h, usually satisfied the condition
b < h < 1.2b, where b denotes the short axis of particles in the ellipsoidal systems. When A
was close to b, the ellipsoids were strictly confined in the xy-plane (inset of Supplementary
Fig. 2¢). As ¢ increased, the incompatible motif ruined crystal symmetries. The formation
of liquid crystal phases was also avoided due to higher charge density at the steeple of the
particles [7]. When h approached to 1.2b, however, the system had free space in which the
ellipsoids tilted slightly in the z-direction (inset of Supplementary Fig. 2b). Consequently,
under high ¢, the additional rotational entropy in the z-direction tended to drive the system
into the rotator phase [8], as illustrated in Supplementary Fig. 2b. Note that the p =
1.26 ellipsoids in Supplementary Fig. 2b appear smaller and more like spherical particles
compared with those shown in Supplementary Fig. 2c because what we observed is illustrated
as a xy-cross-section of tilted ellipsoids in Supplementary Fig. 2b. This observation clearly
demonstrates that the ellipsoids were indeed tilted in the z-direction when both h and ¢
were relatively high.

Because the diffusion coefficients at low ¢ were sensitive to the separation between the
glass walls, we recorded data for all area fractions within the same sample. To achieve
this, we tilted the monolayers by a small angle of 0.5°. After equilibration for weeks, the
sedimentation-diffusion equilibrium was well established [9]. Particle density was homoge-
neous within the field of view and no drift or flow was observed during the experiment
period.

To obtain the diffusion coefficient, we first calculated the mean square displacement
(MSD), Ar?(t) =< r(t) — r(0) >2, where r(¢) and r(0) are the particles’ positions at time
t and 0 respectively and <> means the ensemble average. In accordance with previous 2D
colloidal experiments [10], we found the particle movement was significantly caged in middle
time scale (deviation of MSD from linear form in Supplementary Fig. 3) but eventually jump
out of the cage in long time. We therefore fitted the MSD data in large time region into
linear form and used the slope as the diffusion constant in the main text. The standard
deviation of the fitted slope (scaled by Dy) served as the error of the diffusion coefficient in
Fig. 2 and Supplementary Fig. 8.

The dramatic difference between the kinetic slowing down in translational and rotational
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Supplementary Fig. 3: Mean square displacement in translational (a, p = 1.60, ¢, p = 1.84, e,
p=2.68, g, p=3.721, p=5.00 and k, p = 7.06 ellipsoids) and rotational (b, p = 1.60, d,
p=184,f, p=268, h, p=3.72, j, p=5.00 and 1, p = 7.06 ellipsoids) degrees of freedom in

log-log scale. The insets are same data in linear scale.

motion can be more clearly exhibited by plotting the DT — s and D? — s§ together. As
shown in Supplementary Fig. 4, the data points of p = 5.00 ellipsoids almost formed a
straight line in semi-log plot for rotational degree of freedom, suggesting the exponential
scaling was valid in the whole region with ¢ up to 0.64. While in the translational data,
DT started steeping down after ¢r = 0.25. Why translation and rotation chose so distinct
kinetic pathway for the slowing down remains to be explored in more details.

Supplementary Note 2: Dynamical heterogeneity and
Gt

In the main text of the article, we argue that the turning point of DT — sI" scaling was
irrelevant to the dynamical heterogeneity (DH) by comparing the turning point (¢r) with
the onset of DH. We found that for ellipsoids with p = 1.84,2.68,3.72,5.00,7.06, ¢ was

too small for any cluster to form within the system (Fig. 3). It can be simply judged from
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Supplementary Fig. 4: The diffusion coefficient of p = 5.00 ellipsods as a function of two-body

excess entropy in both translational and rotational degrees of freedom.

the raw images (Fig. 3d-h) that DH was not able to cause the turning in DT — sI scaling
in these systems. However, because ¢ values for binary and ellipsoids with p = 1.26, 1.60
were relatively high (¢ = 0.72,0.75, and 0.53, respectively), more analysis is required to
rule out the role DH might have played in the turning of DT — sI' scaling in these three
systems. Therefore, here, we discuss the relationship between DH and turning in DT — s
scaling.

For p = 1.26 ellipsoids, DH occurred before the turning of DT — sI' scaling. At ¢ =
0.65, particles with fast translational motion started to cluster and separated from slow
particles in real space (Supplementary Fig. 5a). The length scale of the separated clusters
grew observably with ¢ thereafter (Supplementary Fig. 5b-d). At ¢ = 0.75, when the
DT — sI' scaling had broken down, the characteristics of DH were unambiguously observable
throughout the whole system (Supplementary Fig. 5b). Therefore, the occurrence of DH
cannot have been responsible for the turning of DT — sI scaling in p = 1.26 ellipsoids.

For binary spheres and p = 1.60 ellipsoids, DH occurred later than the turning of DT — s

scaling. At ¢, the distribution of particle mobility was completely homogeneous for both
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Supplementary Fig. 5: Dynamical heterogeinity of p = 1.26 ellipsoids under a ¢ = 0.65, b
¢ =¢1r =0.75,¢c ¢ =0.78 and d ¢ = 0.83. The color represents the value of the mean square

displacement of a particle during 500 s. The scale bar is 10 pm.

systems (Supplementary Figs. 6a, 7a). DH did not occur until the area fractions were more
than 10% higher than ¢r (Supplementary Figs. 6b-d, 7b). Therefore, the DH played no role
in the turning of DT — sI" scaling for either binary spheres or p = 1.60 ellipsoids.

An immediate consequence of DH is the breakdown of the Stokes-Einstein (SE) relation
DT = kgT /67na [11], which has been proven to be a hallmark of simple liquids [12, 13]. The
superscript 1" denotes the translational degree of freedom, a is the particle radius, and kgT
is the thermal energy. Because the viscosity 7 is always proportional to the relaxation time
7, of the system, it is expected that D is proportional to 7! if the dynamics of the system
is homogeneous. It was reported from both a simulation [12] and a colloidal experiment [13]

that onset of DH was directly associated with the breakdown of the SE relation.



binary, ¢ = 0.88

oum?> MSD 5um?

Supplementary Fig. 6: Dynamical heterogeinity of binary spheres under a ¢ = ¢ = 0.72, b
¢ =0.78, c ¢ = 0.83, and d ¢ = 0.88. The color represents the value of the mean square

displacement of a particle during 500 s. The scale bar is 10 pm.

To clarify the relation between onset of DH and the DT — s turning point, we investigated
the SE relation in our glass-forming liquids; the results of binary spheres and p = 1.26
ellipsoids are presented in Supplementary Fig. 8. In accordance with the real space analysis
(Supplementary Figs. 5, 6), we found that ¢ was smaller than the breakdown point of the
SE relation for binary spheres (Supplementary Fig. 8a) and larger for p = 1.26 ellipsoids
(Supplementary Fig. 8b). Through the same method, we found that for the other six ellipsoid
systems, each ¢ was far lower than the breakdown point of the SE relation, or equivalently,
the onset of DH. For direct comparison with Fig. 3, the raw images corresponding to the
breakdown point of the SE relation are presented in Supplementary Fig. 9. Unambiguously,
¢ and ¢py differed substantially from each other.
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Supplementary Fig. 7: Dynamical heterogeinity of p = 1.60 ellipsoids under a ¢ = ¢ = 0.53 and
b ¢ = 0.68. The color represents the value of the mean square displacement of a particle during

500 s. The scale bar is 10 pm.
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Supplementary Fig. 8: Rescaled self-diffusion coefficient D/Dy as a function of rescaled relaxation
time 7,/70 for a binary spheres and b p = 1.26 ellipsoids. The dashed lines are fits of the data at
low ¢ to the equation y ~ 2~!. The red arrows indicate the data point corresponding to the

turning of DT — sg scaling, ¢T. The vertical dashed lines indicate the onset of DH.

We further tested the spatial distribution of s for binary spheres and p = 1.26 and
= 1.60 ellipsoids. The distributions became highly heterogeneous at high values of ¢

(Supplementary Fig. 10); and in a manner similar to the case of DH, the s heterogeneity
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Supplementary Fig. 9: Raw images at the breakdown points of the Stokes-Einstein relation. The
area fractions (¢py) corresponding to the breakdown points are specified in each figure. The

scale bar is 5 pm.

(SH) was irrelevant to the DT — sI' turning because the distribution of sI was still homo-
geneous at ¢ (Supplementary Fig. 10a, ¢, e). In accordance with previous observations
[7, 14, 15], although the correlation between structural heterogeneity and DH existed over
¢, their spatial correlation was weak in our experiments.

The analysis regarding DH and SH further strengthens the argument in the main text that
DH is irrelevant to the turning of DT — sl scaling. Majority of glass-forming liquids remained
completely homogeneous in both dynamics and structure at ¢. For the exception, p = 1.26
ellipsoids, both DH and SH were established before ¢r. As discussed in the main text, the
slowing down of kinetics, in our observation, is directly controlled by the inherent structure
of the system. A deep understanding of the turning thus requires a detailed description of

the ®-scape.
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Supplementary Fig. 10: SH of a, b p = 1.26 ellipsoids, ¢, d binary spheres, and e, f p = 1.60
ellipsoids. The color represents the value of the excess entropy of a particle. The scale bar is

10 pm.

Supplementary Note 3: $-scape topography

In the main text, we report that the topography of the ®-scape in translational motion
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started to become rugged in the vicinity of ¢ for both p = 5.00 ellipsoids (Fig. 5a-c) and
binary systems (Fig. 5g-i) whereas it remained smooth in rotational motion (Fig. 5d-f) for
p = 5.00 ellipsoids. Based on this observation, it was concluded that the turning of DT — sI
scaling was caused by a change in the ®-scape topography for translational motion. Here,
we provide the translational and rotational ®-scape topographies in mobility representation
for all other ellipsoids (Supplementary Figs. 11-16). Without exception, the DT — sI" plot
turned when the ®-scape became rugged in translational motion. For rotational motion,

no larger-scaled structures or basins were observed in the ®-scape until area fractions were

close to ¢y, which was consistent with the absence of turnings in the D? — s plots.
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Supplementary Fig. 11: Topography of the ®-scape in representation of particle mobility for

p = 1.26 ellipsoid system. We chose a, ¢ = 0.06, b, ¢ = ¢ = 0.75, and ¢, ¢ = 0.86 samples and
calculated the time evolution of their displacement, Au(t), during the relaxation time 7,. 7, was
defined as the time at which the dynamical structure factor in Fig. 1a had decayed to 1/e. The
mobility in rotational motion is missing because, for p = 1.26 ellipsoid, the determination of

particles’ orientation was inaccurate when they slightly deviated from xy-plane.
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Supplementary Fig. 12: Topography of the ®-scape in representation of particle mobility for

p = 1.60 ellipsoid system. We chose a, ¢ = 0.27, b, ¢ = ¢ = 0.53, and ¢, ¢ = 0.69 samples and
calculated the time evolution of their displacement, Au(t), during the relaxation time 7,. d-f,
The rotational mobility Af(¢) under the same ¢. 7, was defined as the time at which the

dynamical structure factor in Fig. 1a had decayed to 1/e.
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Supplementary Fig. 13: Topography of the ®-scape in representation of particle mobility for

p = 1.84 ellipsoid system. We chose a, ¢ = 0.27, b, ¢ = ¢ = 0.49, and ¢, ¢ = 0.82 samples and
calculated the time evolution of their displacement, Au(t), during the relaxation time 7,. d-f,
The rotational mobility Af(t) under same ¢. 7, was defined as the time when the dynamical

structure factor in Fig. la had decayed to 1/e.
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Supplementary Fig. 14: Topography of the ®-scape in representation of particle mobility for

p = 2.68 ellipsoid system. We chose a, ¢ = 0.12, b, ¢ = ¢ = 0.45, and ¢, ¢ = 0.65 samples and
calculated the time evolution of their displacement, Au(t), during the relaxation time 7,. d-f,
The rotational mobility Af(t) under same ¢. 7, was defined as the time when the dynamical

structure factor in Fig. 1a had decayed to 1/e.
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Supplementary Fig. 15: Topography of the ®-scape in representation of particle mobility for

p = 3.72 ellipsoid system. We chose a, ¢ = 0.09, b, ¢ = ¢ = 0.39, and ¢, ¢ = 0.74 samples and

calculated the time evolution of their displacement, Awu(t), during the relaxation time 7. d-f,

The rotational mobility Af(t) under same ¢. 7, was defined as the time when the dynamical

structure factor in Fig. la had decayed to 1/e.

15



3]

AU [um]

30 40 50
tit
o

Supplementary Fig. 16: Topography of the ®-scape in representation of particle mobility for

p = 7.06 ellipsoid system. We chose a, ¢ = 0.06, b, ¢ = ¢ = 0.13, and c, ¢ = 0.61 samples and
calculated the time evolution of their displacement, Au(t), during the relaxation time 7. d-f,
The rotational mobility Af(t) under same ¢. 7, was defined as the time when the dynamical

structure factor in Fig. la had decayed to 1/e.
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Supplementary Fig. 17: The probability distribution of the mobility in a translational and b
rotational degrees of freedom for p = 5.00 ellipsoid system; corresponding to Fig. 5a-f in the main

text. c, the half width of the distribution in a, b as a function of ¢.

To be more quantitative, we calculated the probability distribution function (PDF) of
mobility and the half width of it as a function of ¢ (Supplementary Fig. 17). For trans-
lational motion (Fig. 5a-c and Supplementary Fig. 17a), the PDF at ¢ was significantly
broadened and shifted to much larger mean value; while for rotational motion (Fig. 5d-f
and Supplementary Fig. 17b), the PDF at ¢ was still the form of the low density sample.
The sudden jump of half width (Supplementary Fig. 17¢) defined a new point, at which the
FEL became rugged. As clearly shown in Supplementary Fig. 17c, this point matched well
with ¢r for translational motion while it was much larger than ¢1 in rotational motion.
These observations strengthen our conclusion in the main text that rugged FEL had deep
connection with the turning we observed; and thus strongly influenced the kinetic pathway
towards glass transition.

Supplementary Note 4: More discussion on the relax-
ation

The distinction between strong and fragile liquids can be vividly appreciated from their
structures, because liquid structure reacts to cooling in a manner that is dependent on the
liquid’s fragility. For a strong liquid, cooling can not alter the structure considerably [16].
As a result, the radial distribution functions of a strong liquid at high ¢ remained similar

to that at low ¢ (Supplementary Fig. 18c); this differed from the case of fragile liquids
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Supplementary Fig. 18: Radial distribution function g(r) for a sphere, b p = 1.60 ellipsoid, and ¢
p = 3.72 ellipsoid systems. d, first peak value of g(r) as a function of ¢. The bold curves in b, ¢

represent g(r) at ¢r.

(Supplementary Fig. 18a, b). The evolution of the first g(r) peak value (Supplementary
Fig. 18d) quantitatively demonstrates this difference. For the strong liquid, containing
p = 3.72 ellipsoids, the fragility of which was smaller than 1, the value of g(r = Tfyst peak) €Ven
slightly decreased with ¢ in the high-density region. For spherical system, g(r = st peak)
increased dramatically as ¢ approached ¢,,. Note that after the melting point, ¢, (< ¢4), the
system crystalised and the relaxation time jumped to infinity. Therefore, we can conclude
that the structure of a c-path liquid is much more sensitive to the cooling process than that
of a g-path liquid.

We found that ¢, and ¢t had a one-to-one relationship in the form of stretched expo-
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Supplementary Fig. 19: ¢, as a function of ¢1. The error was the standard deviation of the fitted

¢, at which the relation time diverged.

nential (Supplementary Fig. 19). This indicated that ¢, somehow scaled with ¢r. Since
previous simulation showed ¢, also scaled with the jamming packing fraction (¢y) [17, 18],
it’s reasonable to expect that the turning also has some relation with the jamming transition.
Therefore, the connection among behaviours at various time and length scales, i.e. liquid,

glass and jammed states, raised to be an interesting open question.

[1] C.Ho, A. Keller, J. Odell, and R. Ottewill, Preparation of monodisperse ellipsoidal polystyrene
particles, Coll. Poly. Sci. 271, 469-479 (1993).

[2] Y. Han, A. M. Alsayed, M. Nobili, J. Zhang, T. C. Lubensky, and A. G. Yodh, Brownian
motion of an ellipsoid, Science 314, 626-630 (2006).

[3] Z. Zheng, F. Wang, Y. Han, et al., Glass transitions in quasi-two-dimensional suspensions of
colloidal ellipsoids, Phys. Rev. Lett. 107, 065702 (2011).

[4] C. K. Mishra, K. H. Nagamanasa, R. Ganapathy, A. Sood, and S. Gokhale, Dynamical

facilitation governs glassy dynamics in suspensions of colloidal ellipsoids, Proc. Nat. Acad. Sci

19



[5]

[6]

[10]

[11]

[12]

[13]

[18]

111, 15362-15367 (2014).

W. Kob and H. C. Andersen, Kinetic lattice-gas model of cage effects in high-density liquids
and a test of mode-coupling theory of the ideal-glass transition, Phys. Rev. E 48, 4364 (1993).
K. H. Nagamanasa, S. Gokhale, A. Sood, and R. Ganapathy, Direct measurements of growing
amorphous order and non-monotonic dynamic correlations in a colloidal glass-former, Nat.
Phys. 11, 403-408 (2015).

Z. Zheng, R. Ni, F. Wang, M. Dijkstra, Y. Wang, and Y. Han, Structural signatures of
dynamic heterogeneities in monolayers of colloidal ellipsoids, Nat. Comm. 5, 3829 (2014).

I. D. Hosein, B. S. John, S. H. Lee, F. A. Escobedo, and C. M. Liddell, Rotator and crystalline
films via self-assembly of short-bond-length colloidal dimers, J. Mater. Chem. 19, 344-349
(2009).

A. L. Thorneywork, J. L. Abbott, D. G. Aarts, and R. P. Dullens, Two-dimensional melting
of colloidal hard spheres, Phys. Rev. Lett. 118, 158001 (2017).

X. Ma, W. Chen, Z. Wang, Y. Peng, Y. Han, and P. Tong, Test of the universal scaling law
of diffusion in colloidal monolayers, Phys. Rev. Lett. 110, 078302 (2013).

C. Angell, Ten questions on glassformers, and a real spaceexcitations’ model with some answers
on fragility and phase transitions, J. Phys. Cond. Matt. 12, 6463 (2000).

E. Flenner, H. Staley, and G. Szamel, Universal features of dynamic heterogeneity in super-
cooled liquids, Phys. Rev. Lett. 112, 097801 (2014).

C. K. Mishra and R. Ganapathy, Shape of dynamical heterogeneities and fractional Stokes-
Einstein and Stokes-Einstein-Debye relations in quasi-two-dimensional suspensions of colloidal
ellipsoids, Phys. Rev. Lett. 114, 198302 (2015).

H. Tanaka, T. Kawasaki, H. Shintani, and K. Watanabe, Critical-like behaviour of glass-
forming liquids, Nat. Mater. 9, 324-331 (2010).

S. Golde, T. Palberg, and H. J. Schope, Correlation between dynamical and structural het-
erogeneities in colloidal hard-sphere suspensions, Nat. Phys. 12, 712-717 (2016).

N. Mauro, M. Blodgett, M. Johnson, A. Vogt, and K. Kelton, A structural signature of liquid
fragility, Nat. Comm. 5, 4616 (2014).

L. Berthier and T. A. Witten, Glass transition of dense fluids of hard and compressible
spheres, Phys. Rev. E 80, 021502 (2009).

T. Shen, C. Schreck, B. Chakraborty, D. E. Freed, and C. S. O’Hern, Structural relaxation in

20



dense liquids composed of anisotropic particles, Phys. Rev. E 86, 041303 (2012).

21



