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1 BW = 10000;AVG = 10

2 +7.100000E+9 -2.280313E-2 +9.412804E-1

3 +7.100015E+9 -2.241943E-2 +9.409110E-1

4 +7.100030E+9 -2.244101E-2 +9.406135E-1

5 +7.100045E+9 -2.181034E-2 +9.407906E-1

6 +7.100060E+9 -2.154459E-2 +9.396642E-1

7 +7.100075E+9 -2.166180E-2 +9.403051E-1

8 +7.100090E+9 -2.122021E-2 +9.408551E-1

9 +7.100105E+9 -2.164769E-2 +9.408164E-1

10 +7.100120E+9 -2.139573E-2 +9.404883E-1

11 +7.100135E+9 -2.145294E-2 +9.407361E-1

12 [...]

13 +7.399865E+9 -2.219277E-2 -9.154096E-1

14 +7.399880E+9 -2.249969E-2 -9.151102E-1

15 +7.399895E+9 -2.282277E-2 -9.154791E-1

16 +7.399910E+9 -2.304419E-2 -9.154005E-1

17 +7.399925E+9 -2.431337E-2 -9.159150E-1

18 +7.399940E+9 -2.515590E-2 -9.163996E-1

19 +7.399955E+9 -2.466450E-2 -9.154912E-1

20 +7.399970E+9 -2.516757E-2 -9.149708E-1

21 +7.399985E+9 -2.563848E-2 -9.151121E-1

22 +7.400000E+9 -2.602740E-2 -9.156989E-1

Figure S2: Excerpt from a VNA log file. Only the header (highlighted in green) and the first
and last 10 lines shown. The header lists the filter bandwidth (10000 Hz) and number of
shots averaged (10). The columns correspond to the frequency f and the real and complex
parts of the reflection coefficient Γ(f).

S4



T
ab

le
S
1:

R
es
u
lt
s
of

th
e
op

er
an

d
o
M
C
P
T

in
ve
st
ig
at
io
n
s
of

tr
an

si
ti
on

m
et
al

ox
id
e
sa
m
p
le
s,
ac
ti
va
te
d
in

C
3
-o
x
id
at
io
n
,
u
si
n
g
th
e

H
an

db
oo
k
p
ro
to
co
l.

C
ol
u
m
n
s
in
cl
u
d
e
th
e
n
am

e
an

d
n
om

in
al

at
om

ic
co
m
p
os
it
io
n
,
sa
m
p
le

ID
,
re
fe
re
n
ce

co
n
d
u
ct
iv
it
y
at

30
0◦
C
,

ac
ti
va
ti
on

en
er
gy

of
co
n
d
u
ct
iv
it
y,

ch
an

ge
s
in

co
n
d
u
ct
iv
it
y
as

a
fu
n
ct
io
n
of

in
le
t
st
oi
ch
io
m
et
ry

an
d
re
si
d
en
ce

ti
m
e,

ac
ti
va
ti
on

en
er
gy

of
m
as
s-
n
or
m
al
iz
ed

co
n
ve
rs
io
n
,
th
e
id
ea
li
ty

of
co
n
ve
rs
io
n
w
it
h
re
si
d
en
ce

ti
m
e,

an
d
in
te
rp
ol
at
ed

se
le
ct
iv
it
ie
s
to

C
O

x
an

d
C

3
H

6
at

5%
co
n
ve
rs
io
n
(d
as
h
es

co
rr
es
p
on

d
to

ca
se
s
w
h
er
e
X

is
w
el
l
b
el
ow

or
ab

ov
e
5%

).

S
am

p
le

n
am

e
S
am

p
le

ID
σ
r

E
A
(σ
)

∆
σ
(ϕ
)

∆
σ
(τ
)

E
A
(X

/m
)

∆
X
(τ
)/
X

S
C
O

x
(5
%
)

S
C

3
H

6
(5
%
)

[S
/m

]
[k
J
/m

ol
]

[S
/m

]
[S
/m

s]
[k
J
/m

ol
]

[%
]

[%
]

[%
]

”V
P
P
”-
C
3

32
08

2
0.
00

5(
4)

20
(1
)

0
.0
06

7(
7)

−
0.
00

01
8(
6)

16
(3
1)

7
(2
0
)

9
9
(5
)

5
9
(4
)

M
oO

3
-C

3
31

84
5

0
.0
2(
1)

11
(2
)

0.
00

04
5(
5)

0
.0
00

1(
1)

76
(1
5)

8
8
(1
5
)

–
–

M
oV

O
x
-C

3
31

80
4

0.
6(
2)

9
.4
3(
4)

−
0.
00

51
5(
7)

−
0
.0
04

2(
1)

80
(2
)

9
0
(4
)

5
6
.8
7
(6
)

1
8
.6
(1
)

M
oV

T
eN

b
O
x
-C

3
31

82
1

0
.3
3(
8)

0
.0
7(
3)

0
.0
05

3(
1)

0.
00

07
6(
4)

86
(2
)

7
5
(2
)

3
9
.9
(1
)

3
1
.4
(4
)

S
m

0
.9
5
M
n
O

3
-C

3
31

83
6

15
(4
)

5
.2
1(
6)

−
0.
00

9(
2)

0.
00

6(
1)

62
(3
)

6
2
(4
)

8
8
.3
(1
)

1
1
.7
(1
)

V
2
O

5
-C

3
31

84
6

0.
8(
4)

8
.0
3(
4)

0.
03

6(
2)

0
.0
16

1(
1)

66
(1
5)

7
5
(1
3
)

6
9
.6
1
(5
)

3
0
.2
3
(4
)

V
P
P
-C

3
31

84
9

0
.0
3(
1)

11
.1
(5
)

−
0.
00

11
7(
8)

−
0.
00

06
2(
5)

66
(6
)

5
9
(5
)

7
8
(1
)

1
5
.4
(2
)

V
W

P
O
x
-C

3
31

85
1

0
.1
9(
5)

17
.8
(2
)

0
.0
06

9(
1)

0
.0
02

1(
1)

86
(3
)

8
7
(3
)

8
1
.0
9
(6
)

1
7
.9
2
(7
)

α
-V

0
.8
W

0
.2
O
P
O

4
-C

3
31

85
0

0
.1
4(
4)

14
.7
3(
4)

0.
00

01
3(
2)

0.
00

00
7(
4)

86
(4
)

8
7
(5
)

6
9
.8
9
(9
)

2
9
.4
9
(5
)

α
-V

O
P
O

4
-C

3
32

08
4

0.
00

5(
6)

43
(3
)

0
.0
08

1(
3)

0
.0
01

7(
2)

86
(4
4)

8
8
(4
7
)

4
8
.8
2
(5
)

5
0
.6
2
(6
)

β
-V

O
P
O

4
-C

3
31

84
8

0.
02

1(
7)

12
.7
(2
)

0.
00

25
7(
5)

0.
00

04
2(
1)

80
(1
1)

7
9
(1
0
)

4
2
.5
0
(5
)

5
7
.1
3
(5
)

T
ab

le
S
2:

R
es
u
lt
s
of

th
e
op

er
an

d
o
M
C
P
T

in
ve
st
ig
at
io
n
s
of

se
le
ct
ed

sa
m
p
le
s
w
it
h
ou

t
p
re
v
io
u
s
ac
ti
va
ti
on

in
C

3
-o
x
id
at
io
n
,
u
si
n
g

th
e
H
an

db
oo
k
p
ro
to
co
l.
C
ol
u
m
n
s
as

in
T
ab

le
S
1.

S
am

p
le

n
am

e
S
am

p
le

ID
σ
r

E
A
(σ
)

∆
σ
(ϕ
)

∆
σ
(τ
)

E
A
(X

/m
)

∆
X
(τ
)/
X

S
C
O

x
(5
%
)

S
C

3
H

6
(5
%
)

[S
/m

]
[k
J
/m

ol
]

[S
/m

]
[S
/m

s]
[k
J
/m

ol
]

[%
]

[%
]

[%
]

L
aM

n
O

3
30

64
9

11
(4
)

−
0
.5
4(
3)

0
.0
03

7(
9)

0.
00

8(
2)

69
(3
)

69
(5
)

9
1
.5
(1
)

8
.4
(1
)

M
oV

T
eN

b
O
x

31
65

2
0
.5
(2
)

0
.8
8(
6)

0
.0
19

0(
5)

0
.0
00

9(
2)

90
(7
)

88
(1
0)

3
8
.1
0
(7
)

3
7
.7
(1
)

P
rM

n
O

3
30

65
0

1
.8
(5
)

0
.2
7(
3)

−
0
.0
02

1(
3)

0
.0
01

9(
3)

61
(2
)

56
(3
)

8
8
.4
4
4
(8
)

1
1
.4
7
(2
)

S
m

0
.9
5
M
n
O

3
30

86
9

18
(6
)

5
.3
0(
2)

−
0
.0
08

6(
8)

−
0.
00

3(
2)

60
(5
)

62
(7
)

9
1
.3
(1
)

8
.6
(1
)

V
2
O

5
31

03
4

0
.5
(2
)

8
.6
8(
9)

−
0.
01

2(
5)

0
.0
22

9(
1)

60
(5
)

58
(4
)

7
7
.4
(2
)

2
2
.1
(2
)

si
li
ca

ge
l

19
76

0
0
.0
17

(4
)

18
(3
)

−
0
.0
00

02
(3
)

0.
00

00
2(
6)

10
1(
4)

78
(4
)

7
7
.4
(2
)

1
6
.6
(2
)

S5



T
ab

le
S
3:

R
es
u
lt
s
of

th
e
op

er
an

d
o
M
C
P
T
in
ve
st
ig
at
io
n
s
of

co
p
p
er
-d
op

ed
la
n
th
an

id
e
m
an

ga
n
at
es
,
u
si
n
g
th
e
p
er
ov
sk
it
e
p
ro
to
co
l.

C
ol
u
m
n
s
as

in
T
ab

le
S
1

S
am

p
le

n
am

e
S
am

p
le

ID
σ
r

E
A
(σ
)

∆
σ
(ϕ
)

∆
σ
(τ
)

E
A
(X

/m
)

∆
X
(τ
)/
X

S
C
O

x
(5
%
)

S
C

3
H

6
(5
%
)

[S
/m

]
[k
J
/m

ol
]

[S
/m

]
[S
/m

s]
[k
J
/m

ol
]

[%
]

[%
]

[%
]

L
aM

n
0
.6
0
C
u
0
.4
0
O

3
31

28
5

6(
2)

10
.0
2(
8)

−
0.
15

(1
)

0
.9
5(
7)

72
(3
)

42
(1
3)

7
9
.8
8
(4
)

2
0
.0
4
(3
)

L
aM

n
0
.6
5
C
u
0
.3
5
O

3
30

62
4

1.
0(
3)

13
.7
(2
)

0
.0
23

(2
)

0
.6
1(
8)

79
(2
)

41
(7
)

6
6
.6
(5
)

3
3
.5
(4
)

L
aM

n
0
.7
0
C
u
0
.3
0
O

3
30

65
9

1.
9(
5)

16
.3
(2
)

0.
05

72
(9
)

0
.9
1(
7)

79
(2
)

50
(1
0)

–
–

L
aM

n
0
.7
5
C
u
0
.2
5
O

3
30

63
5

1.
4(
4)

18
.3
(2
)

0
.0
43

(1
)

1
.0
8(
7)

75
(2
)

50
(1
0)

7
5
.4
4
(5
)

2
4
.4
5
(4
)

L
aM

n
0
.8
0
C
u
0
.2
0
O

3
31

18
0

1.
8(
9)

9.
71

(8
)

0.
01

00
(8
)

0
.2
3(
3)

81
(1
1)

38
(4
4)

2
8
.9
(6
)

7
0
.5
(8
)

L
aM

n
0
.9
0
C
u
0
.1
0
O

3
30

86
7

4(
1)

13
.6
(1
)

0
.0
66

(1
)

0
.9
7(
7)

78
(5
)

40
(1
9)

–
–

L
aM

n
O

3
30

64
9

26
(1
8)

5.
79

(8
)

0
.0
38

(7
)

2
.6
(2
)

72
(1
7)

47
(6
8)

–
–

P
rM

n
0
.6
0
C
u
0
.4
0
O

3
31

16
3

2(
1)

6.
47

(6
)

−
0
.0
65

(3
)

0
.2
7(
2)

76
(1
4)

35
(5
5)

7
1
.2
5
(8
)

2
8
.6
5
(5
)

P
rM

n
0
.6
5
C
u
0
.3
5
O

3
31

17
6

2.
7(
8)

2.
69

(4
)

0
.0
20

(1
)

0
.1
8(
2)

73
(3
)

49
(1
1)

7
4
.1
(2
)

2
5
.6
(2
)

P
rM

n
0
.7
0
C
u
0
.3
0
O

3
30

93
4

4(
1)

5.
02

(7
)

0
.0
14

(1
)

0
.6
6(
5)

82
(2
)

43
(1
0)

7
2
.9
5
(6
)

2
6
.8
3
(5
)

P
rM

n
0
.7
5
C
u
0
.2
5
O

3
30

63
7

2.
6(
9)

8.
38

(9
)

0.
02

45
(9
)

0
.6
6(
5)

81
(5
)

34
(2
1)

6
8
(2
)

3
2
(2
)

P
rM

n
0
.8
0
C
u
0
.2
0
O

3
31

02
1

3(
1)

8.
10

(5
)

0.
01

31
(5
)

0
.3
2(
3)

71
(8
)

43
(3
2)

7
7
(7
)

2
3
(7
)

P
rM

n
0
.9
0
C
u
0
.1
0
O

3
31

07
0

10
(3
)

2.
00

(6
)

0
.0
14

(3
)

0
.8
5(
6)

65
(4
)

46
(1
5)

6
8
(2
)

3
2
(3
)

P
rM

n
O

3
30

65
0

1.
8(
5)

11
.8
7(
9)

0.
01

69
(5
)

0
.3
2(
3)

69
(2
)

25
(8
)

7
8
(7
)

2
2
(7
)

S6



Diagrams and equipment list for the MCPT instrument

F
F

E
E

D
D

C
C

B
B

A
A

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 A3

Ge
ne

hm
ig

t 
vo

n

Ma
ß

st
ab

W
er

ks
to

ff

Er
st

el
lt 

du
rc

h

Do
ku

me
nt

en
ar

t

Än
d.

Au
sg

ab
ed

at
um

Sp
r.

Bl
at

t

Ti
te

l, 
Zu

sä
tz

lic
he

r 
Ti

te
l

20
20

-0
4-

14
1/1

Sa
ch

nu
mm

er

Ge
wi

ch
t

Al
lg

em
ei

nt
ol

er
an

z

Fl
ie

ß
bi

ld
P&

ID

H2 O2 N2 ai
r

20
%

Et
ha

ne
 / 

80
%

 N
2

FC FC FC FC

Mi
xe

r
FC FC

PI

1) 
St

an
da

rd
Op

er
at

io
n:

2)
 V

ac
cu

m
Op

er
at

io
n:

20
%

Bu
ta

ne
 / 

80
%

 N
2

20
%

Pr
op

an
e 

/ 8
0%

 N
2

VN
A

V2O
5

TR

GC

PC

FI
Al

ar
mb

ox

Figure S3: Detailed piping and instrumentation diagram of the MCPT instrument. The
V2O5 label denotes a sample catalyst; a schema of this assembly is shown in Fig. S4, with
connections to the other components pictured in Figs. S9 and S12.
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Table S4: List of key electronic components

P&ID label P&ID position Description Model

FC 4B-5C Mass flow controllers Bronkhorst EL-FLOW Prestige †

PC 5B Pressure controller Bronkhorst EL-PRESS †

TR 5C Temperature controller Eurotherm 5304, see Figs. S10 and S11
– 5C Heater Serpentine III F017558, see Fig. S10
FI, Alarmbox 4C Flow meter SMC PFM 725, see Fig. S10
VNA 4D Vector network analyser Agilent PNA-L N5320C, see Fig. S12
GC 6D Gas chromatograph Agilent 7890 GC ‡

– 6B-6C Vacuum pumps Pfeiffer HiCube 80
PI 6B Vacuum gauge Pfeiffer PKR 251
– 6C-6E Trace heating Horst HSTD 200W ∗

† : Controlled using the LabVIEW interface, via a FlowBus controller (E-7500) and a set of three
multiport adapters for a total of 10 devices on a single bus. Note: Only 7 devices shown in Fig. S3.

‡ : Equipped with two channels: 1) Plot-Molesieve (30 m length, 50 µm film thickness, 0.53 mm
I.D.) into Plot-Q (30 m length, 40 µm film thickness, 0.53 mm I.D.) into a thermal conductivity
detector; 2) FFAP (30 m length, 1 µm film thickness, 0.53 mm I.D.) into Plot-Q (30 m length,
40 µm film thickness, 0.53 mm I.D.) into a Polyarc detector (Activated Research Company).
Online gas analysis using a 250 µl sampling loop (Vici Valco, SL250CW) and multi-port valves
(Vici Valco, 2×DC6WE, 1×DC10WE).

∗ : Regulators built in-house.
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Details of the cavities

Figure S4: A schema of the cavity, glass dewar reactor assembly, coupling loop, and cooling
(Peltier) elements. Not to scale.

Figure S5: A photo of MCPT cavities of various sizes, made from copper, plated with silver
and gold. The disassembled cavity on the right (hc = 20 mm, rc = 34 mm) has been used
throughout this work.
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Details of the custom glassware and its connecting hardware
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Figure S6: Complete glassware reactor assembly (Quarzglas Heinrich, Aachen). The dimen-
sions of the reactors are shown in Fig. S7, while the dewar is shown in Fig. S8. The whole
assembly is inserted into the cavity as indicated in Fig. S4.
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Figure S7: Catalytic reactor, made from Ilmasil PN (Quarzglas Heinrich, Aachen).
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Figure S8: Heating jacket and vacuum dewar, made from HSQ100 (Quarzglas Heinrich,
Aachen). Contains an opening for the air heater as well as a flanged connection for a
vacuum pump. S12



Figure S9: The connection at the inlet (top) and outlet (bottom) of the reactor, using
Swagelok UltraTorr fittings.
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Details of the temperature controller

Figure S10: Wiring diagram of the temperature controller unit.
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Figure S11: Front (top) and rear (bottom) view of the temperature controller unit.
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Transmission line details

Figure S12: The coaxial transmission line leaving the network analyzer (top) and its con-
nection to the cavity (bottom) via a filter and a coupling loop.
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