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COMBINING RAM WITH DIFFERENT ACTIVATION MODES
RESODYN'S TECHNICAL INTERCHANGE

Sven Gratz




Mechanochemistry MOTIVATION |

“You can't get to the moon by climbing successively
taller trees.”

Mo's Law of Evolutionary Development
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Mechanochemistry PRINCIPLE |
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Mechanochemistry

MOTIVATION

-y ) ' VBM
- ‘ \ classic heating
r[l x — microwave (multimode)
1 microwave (monomode)
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What are we doing? MECH'CATALYSIS |

Homogeneous Catalysis Heterogeneous Catalysis [ Direct Mechanocatalysis ]

5 Sven Gratz / Butte, MT 2026 Pickhardt, W., Gratz, S., Borchardt, L.; Chem Eur. J., 2020 PNhrecmir R U B
Hwang, S., Gratz, S., Borchardt, L. Chem. Commun. 2022 BOCHUM



Direct Mechanocatalysis HOW TO J

Electroplating

Cost per Cost per

Pickhardt, W., Gratz, S., Borchardt, L.; Chem Eur. J., 2020 . .
Hwang, S., Gratz, S., Borchardt, L. Chem. Commun. 2022 ball: 450€ ball: 11ct
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Direct Mechanocatalysis SCOPE J

(I)H

2 0

B Pd’ Catalyst
q A

/ y 0

R RS

RT

35Hz

X=1 Br Ethanol

H MM-500 Nano / I
Z A (X3 K
| N + 7 | 35:|9mIVia| - // Z
~ N 91;;-Ain K,CO, 2 I //
Pd Ball
N

Pickhardt, W. et al., Angew. Chem. Int. 2022; pyur
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Mayer, M. et al Angew. Chem. Int. 2025; BOCHUM



Media-Free Mechanochemistry AN OXIMORON? J

... chemical transformation resulting from
the absorption of mechanical energy.”

IUPAC Definition

[ TECHNOLOGY - CLASSICAL

I

) e
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Media-Free Mechanochemistry

ENERGY?

... chemical transformation resulting from
the absorption of mechanical energy.”

IUPAC Definition

PHOTON ENERGY

SIS

THERMAL ENERGY

9
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Media-Free Mechanochemistry

s

\-

ABRASION

- Abrasion bad for
applications

- Longevity of milling balls

~N

WHY?

s
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-

SCALABILITY

<1

—> Bigger ball mills often
unfeasible

- Other alternatives needed

MONITORING

- Mills are often black boxes
- Media-free enviorment

beneficial to monitoring
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1. How does Media-Free
Mechanochemistry compare?



1. From Ball Mill to RAM MODEL REACTION |

Direct Mechanochemical

Suzuki Reaction

3 I
OH + |\\
~

&

30 Hz

I\\

=

[ Ball = Cat. > Media-Free?

Coating Sequence

Copper a Gold

Palladium

C')H
o
\

s

-

Vessel as good as ball?

100 g b omom

g

80

Yield (%)
3

S
o
1

N
=)
1

= MM w Ball

0

T t T T T T T T
0 30 60 90 120 150 180 210 240
Time (min)

- Reaction proceeds with coated vessels

J
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1. From Ball Mill to RAM MEDIA FREE @ BM |

4 N [ I
Media-Free? Diffusion or Particle Size?
100 - - . 100 - MM w Ball
| I MM w/o Ball
80 80
| |

< 60 X 60+
1 o
9 o

> 40 > 40+

20 -

= MM w Ball 20
: = MM w/o Ball
0 v T T i T T T T T T T T T T v T 0_
0 30 60 90 . 120 ?su 180 210 240 0 040, 0,0, o'«’eso'«’s Qe;s"-e 03504 0gs 05
ime (min) LAG (n)
- Reaction proceeds without milling balls - Probably both, more LAG helps
N\ AN J
" Wohlgemuth, Maximilian, et al. Chem. Eur. J. 2023 RUHR = RU B
13 Sven Gratz [ Butte, MT 2026 Gonnet, Lori, et al. Faraday discussions 2023; SB‘!;‘LEURS AT



1. From Ball Mill to RAM MEDIA FREE @ RAM |
4

14

Sven Gratz / Butte, MT 2026

4 N\ N
Can the we do better? Can the RAM do better?
F 1004 . 4w o
b n "
;- 80
S
-]
°
=
= MM w Ball
= MM w/o Ball
/‘E}\)\ T i T RAM
Sl;g" cm,,c;d)’” real-time 0 30 60 90 120 150 180 210 240
Time (min)
N - RAM delivers superior mixing ) \9 Fast and complete reaction y
oo RUHR
Wohlgemuth, Maximilian, et al. Chem. Eur. J. 2023 UNVERSITAT RU B



1. From Ball Mill to RAM

MEDIA FREE @ RAM |

4 N )
How about LAG@RAM? Which LAG?
100 _ [ MM w Ball 100
I VM w/o Ball
[ IRAM
80 -
z S
f >
0 005 % %75% 025025 %2505 %5% %4595
LAG (n)
N - RAM and MM w/o balls comparable y \9 EtOH is not only LAG but a reagent //

15
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Yoo, Kwangho, et al. Faraday Discussions 241 (2023): 206-216.
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1. From Ball Mill to RAM MEDIA FREE @ RAM |

s

Yield (%)

How does it compare?

100
90 -
80 -
70 -
60 -
50 -
40 -
30 4

20

lodobenzene Bromobenzene lodoanisol

Substrates

_ - comparable to ball milling

L JRAM
I V500

Bromoanisol

\

/

Yield / %

Cycability?

[ ImMm w Ball
100 I Vv w/o Ball

[ IrAM

80 |

60 -}

40

20 |

0- :
1 5 15 20

10 .
Reactions

- Coating is more stable in RAM

~

J
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2. Different Activation
modes in the RAM?



2. Understanding the RAM MODEL REACTION

100 ® 5, .

&?_\O, 80 ¢

= %’ LI ;

% 60  Lowest Highest:

% 40 a4 a

z o

O 20 :

(0] .I.I_I.I_I.I_I_I_I."'_Il'lllllllll'_j_u..u_-p_i...lluluuuuluuuul

20 30 40 50 60 70 80 9O 100 110
Temperature (°C)

» relation between frequency and activation energy by Arrhenius plot

» temperature-dependency

. Andersen, J. M., Mack, J., Chem. Sci. 2017: RUHR
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2. Understanding the RAM

-

-

Nozzle-Heaters

- stable reaction condistions

\

HEATING
4 N
Nozzle-Heaters
—> easily transferable
- J

19
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Spula, Carolina et. al, ChemRxiv 2025
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2. Understanding the RAM

PARAMETERS J

LabRAM II
/O“O' 14 mL steel Jar
60g,60°C,1hr

{% NaCl no ball

O Toluene g &h

s A
T 100
80
g 60 {
&, 40 4
20 1
[]
0 T T T T T T T
30 40 50 60 70 80 920
Temperature (°C)
- Temperature has huge impact
\ J

N
100
~ 80
x
S 60
(2]
5
E 40 4
(o}
O
20 4
04
0 1|0 2I0 3l0 4'0 5I0 GIO 7l0 BlO 9'0 100
Acceleration (g)
- Acceleration is not important
J
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RUCESERIEORNNVE  ARRHENIUS EQUATION |

(0]
LabRAM II o
(o) <Y 14 mL steel Jar b !
+ 0, 60 g, 60 °C, 1 hr i ~o
- (0] o e —— N
{# NaCl no ball O O ) .
0 Toluene g @ 8
( N
8- Arrhenius equation:
_Eq
< .| . k=A -e RT
£
E, = 24.5 kcal/mol " (3
10 D(i)eneophiles o
(o]
T ' T ' T ' T ' T QU
0,00290 0,00295 0,00300 0,00305 0,00310 % OO OOO
BQ MA 9,10-DMA
\_ 1T J \ Y,
. . RUHR
Spula, Carolina et. al, ChemRxiv 2025 UNIVERSITAT RU B
BOCHUM
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2. Understanding the RAM

IN-SITU

LabRAM II

@“@' 14 mL steel Jar
60g,60°C,1hr

/‘ NaCl

- o

\' no ball
0 Toluene g @) 20000 N
15000
10000
5000
1 L ML T,
1 4
10000 A
9000 {
5000 7
80" 1 urtt ‘
166 AAAAA
g E, =23.96 kcallmol )
. , RUHR
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2. Understanding the RAM COMPARISION J

] 24 kcal/mol
-8 -
g .
£ 99 & RAM exsitu
¢ RAM in-situ 28 kcal/mol =
-10 1 MM400 + ball \~=
» ] MM400 no ball
- d | ’ | " |
2,8E-3 2,9E-3 3,0E-3 3. 1TE-3

1/T
- RAM and ball mill are similar

- Both techniques have higher apparent activation energies than solution-based reactions

. , RUHR
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2. Understanding the RAM LAG J

30
’_C-; 25 - 2%,5 24,21 24[:’,74 23,71
= - 0
= 21,23
2 20 - O
~ 20,49
LLl
14,93
15 = E
| I | I |
0 2 4 6 8
n (uL/mg)

. , RUHR
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3. What else can we do with
the RAM?



3. Photo-RAM WHY? J

Optical fiber

Photodetector

Analyzer c————

©
o | |
o L Objective lens
L= /Crystal
- Rotatng sate [LTTTTITRER — EEREERIITTI
: v Polarizer
m
10w
é ) é . )
Solvent-based Solid-state
V' green, non-toxic energy source v No solvent waste
"> Poor penetration depth of light % Stearic set-up
%> High dilutions = high amounts of % Limited Diffusion
solvents waste % Limited Scalality
. Y, . J
M. Marimoto et al., CrystEngComm, 2016,18, 7241-7248
. M. Marimoto et al., CrystEngComm, 2016 RUHR = RU B
26 S Gratz / Butte, MT 2026
ven etz fEdte Spula, C. et. al, Chem. Eur. J. 2025 BOCHUM



3. Photo-RAM

Solvent-based
green, non-toxic energy source
Poor penetration depth of light
> High dilutions = high amounts of
solvents waste

4 X

. J
( . ) ( . )
Solid-state Mechanochemistry
v" No solvent waste v Solid-state technique
%> Stearic set-up v Sufficient diffusion
%> Limited Diffusion v Renewing substrate surface
% Limited Scalality > No transluscent milling vessel
g J g J

RUHR
27 Sven Gratz / Butte, MT 2026 Spula, C. et. al, Chem. Eur. J. 2025 v— RU B
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3. Photo-RAM

Reaction vessel from quartz glass

& )

UV LED unit

[ 8 |
Photoreactor Photoreactor ON

: RUHR
28 Sven Gratz / Butte, MT 2026 Baier, D. M. Angew. Chem. Int. 2025 UNIVERSITAT RU B
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3. Photo-RAM

Fluorescent tubes (A=254 nm)
LEDs (A=272 nm)

RUHR
29 Sven Gratz/Butte, MT 2026 Spula, C et al, Chem EUI' J 2025 UNIVERSITAT RU B
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3. Photo-RAM

WHAT?

LabRAM Il

Ay Ay 10 mL quartz tube

60 g, 3hr (@)
| (')Et | B,
-P< /A
+ EtO OEt Cs,CO4
Me

v no balls OéE?Et
. Me
0 pmso|-O):-
f - -
Acceleration screening
] EllHg
o0 | I LED
32 60
o
©
207 Hg lamps
0 -
0 30 40 50 60 70 80 90 Reaction parameter:
. 0.1 g 4-iodotoluene, 1 g SiO,, 3 eq. P(OEt);, 2 eq. Cs,CO;,
- Acceleration (g) LAG MeCN (n=0.3), under air, UVC, 3 h, 60 g )
30 Sven Gratz / Butte, MT 2026
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3. Photo-RAM WHAT?

LabRAM II
10 mL rtz tub
l OFt 00 60 ;’: Jg:la ube » 9
: P
/@, + Eto’"  OEt <# Cs,CO4 no balls /@’c.)E?Et
Me
: Me
r N () omso| -0
Upscaling
100
80 - 0.38 mmol d
3.8 mmol
SR
o
[
> 40 -
> Longer quartz Reaction parameter:
20 - 100 mg 4-iodotoluene, 3
glass tubes (x2) eq. P(OEY),, 2 eq.
Cs,CO,;, DMSO
0 - (n=0.15), under air, 3 h,
60 g, fluorescent tubes
6 A d b
a = @\\m o \“;\\ o (A=254 nm)
\ S J

UNIVERSITAT
BOCHUM
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Conclusion

4 )

OPPORTUNITIES

|

TAKE-AWAY

/

[ MM w Ball
100 I VM wio Ball
[ IrAm
80 -
X
~ 604
3
2
> 40
20 4
0- ||
1 5 10 | 15 20
\_ Reactions _J

Yield (%)

100

80

60

20 4

CHALLENGES

3 H
21 s
? o = N
( 4 ‘e
-
a
/

”'05 2,

l

4 7s 25 o'??so'af 0.3?50.3 ”.33 04 0.43

LAG (n)

MM w Ball

I MM w/o Ball

[_IRAM

%

OPTIONS

J
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